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FOREWORD

The revision of this guidebook was prepared by liT Research Institute

for the National Aeronautics and Space Administration, Western Operations

Office, under Contract No. NAS7-388, IITRI Project C6070. The work was

administered under the direction of the Jet Propulsion Laboratory, Liquid

Propulsion Section, Propulsion Division. Mr. Richard N. Porter and

Mr. James H. Kelley of JPL served as Technical Managers and

Mr. Frank E. Compitello of NASA/Washington, Liquid Propulsion Systems, was

Project Manager.

The program was administered by the Technical Information Research

Section of liT Research Institute under Miss Martha E. Williams, Manager.

Miss Martha R. Miller, Associate Engineer, acted as Project Leader. She

was responsible for the coordination of all contributions and for the

technical and editorial content of the entire guidebook. Contributors

are: Mr. Paul A. Bauer (Research Engineer, Fluid Systems and Lubrication),

Mr. Robert I. Brabets (Research Engineer, Propellant Research),

Mr. Kenneth E. Hofer, Jr. (Manager, Experimental Materials and Mechanics),

Mr. Hugo J. Nielsen (Research Engineer, Heat and Mass Transfer),

Mr. David T. Raske (Assistant Engineer, Experimental Materials and Me-

chanics), Mr. Z. Phil Saperstein (Manager, Welding Research),

Mr. Harry Schwartzbart (Assistant Director, Metals), Dr. Richard H. Snow

(Senior Research Engineer, Chemical Engineering Research) and

Miss Audrone Vala_tis (Technical Assistant, Technical Information Research).

The original guidebook was prepared by Stanford Research Institute

under Contract No. NAS7-1OS, Project PSU-4OOO, entitled "Investigation of

the Space Storability of Pressurizing Gases." The technical effort at

Stanford Research Institute was directed by Dr. R. F. Muraca, Assistant

General Manager, Physical Sciences Research Area.
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I-i INTRODUCTION

The primary purpose of this book is to provide the preliminary design

engineer a ready source of information to guide his selection of parameters

in the design of pressurized gas systems for spacecraft. It is intended

that the information contained in this guidebook be used in conjunction

with the various methodologies currently employed to select component com-

binations and to establish the design details of suitable pressurized gas

systems.

The sections of this revised edition have been rearranged to provide

a more systematic development of the various parameters that must be con-

sidered in the design of any pressurized gas system for use in space.

Section I, "Introduction" includes conversion tables in both metric

and English units and a listing of pertinent constants.

Section II, "Pressurization System," presents a general discussion of

pressurized gas systems. This section was written by Mr. P. A. Bauer.

Section III, "The Space Environment," summarizes the available in-

formation on the composition of the atmosphere. It also includes data on

the distribution of meteoroids and on the various types of radiation en-

countered by spacecraft. This section has been retained in its original

form.

Section IV, "Zero Gravity Considerations," summarizes the behavior

of liquids in an essentially gravitationa}ly-free system (zero-g). Only

those aspects related to pressurized gas SYstems are discussed. This

section has been retained in its original form.

Section V, "Attitude Control Theory," presents the salient prin-

ciples underlying the design of pressurized gas attitude control systems.

This section has been retained in its original form.

Section VI, "Nozzle Performance," summarizes the computations of the

performance of fluids expanding through nozzles. The discussion considers

both condensable and noncondensable gases. This section has been retained

in its original form.



Section VII, "Pressure Vessels," establishes vessel design criteria

and discusses the various aspects of the problem of designing a pressure

vessel. An outline of selection filters is presented to aid the engineer

in selecting the best material, configuration, fabrication technique and

support method for his particular vessel. The part on "Stress Analysis'!

presents methods of evaluating loads on pressure vessels of different

geometries. The part on "Material Behavior" illustrates the use of frac-

ture mechanics for design as well as for testing. Various testing pro-

cedures are discussed and an indication is given of the problems related

to the selection of test criteria. An example problem and its detailed

solution are presented as a direct guide to aid in the stress analysis of

competing designs. This section was written by Mr. D.T. Raske and

Mr. K.E. Hofer, Jr.

Section VIII, "Materials andFabrication," discusses the Various

materials and fabrication methods currently used for pressure vessels. A

discussion of base materials and their weldability and formability is

presented. An outline is given to guide the engineer in establishing the

criteria by which candidate materials and fabrication methods should be

evaluated. The joining of tubing and components in the overall system is

discussed. This section was prepared by Mr. H. Schwartzbart and

Mr. Zo P. Saperstein.

Section IX, "Permability Theory," presents a discussion of the funda-

mental aspects of diffusion and permeability theory, and data on the per-

meability of various polymers and elastomers. This section has been re-

tained in its original form.

Section X, "Sealing and Lead Detection," discusses static and dynamic

seals, modes of leakage, and leak detection techniques. Recommendations

are made for attaining minimum leakage and detecting leaks. The section

was prepared by Mr. P. A. Bauer.

Appendix A, Section X, presents theoretical leakage consideration,

and leakage equations for various modes of compressible and incompressible

flow. Appendix B presents a method of calculating leakage using the de-

picted monographs.

J _ J 4



Section XI, "Fluid System Components" presents discussions on the

various components utilized in pressurized gas systems. Design and selec-

tion criteria are established to aid in the selection of the appropriate

components to fulfill specified mission requirements. The components dis-

cussed include filters, valves, general purpose seals, connectors and

fittings, and expulsion devices. This section was prepared by

Mr. P. A. Bauer.

Section XII, "Storage Efficiency," presents definitions

of storage and weight efficiency, and the theory of thermodynamic blow-

down is discussed. General equations to estimate the heat flow are pro-

vided for various heat transfer modes and combinations thereof. A dis-

cusslon of deviation from ideality and general equations for the

calculation of the work of expansion are also presented. This section

was prepared by Dr. R.H. Snow and Mr. H.J. Nielsen.

Section XIII, "Heat Balance," is a combination of Stanford Research

Institute's original data and an expansion of information by IIT Research

Institute. This section discusses various radiation sources and their

effect on the spacecraft. It presents guide lines for calculating a heat

balance and provides references to serve as a guide for detailed analysis

of a spacecraft heat balance.

Section XIV, "Reliability," provides a brief review and summary of

the principles of statistical relationships as applied to test programs

and is intended to provide guidelines for the engineer. This section has

been retained in its original form.

Section XV, "Properties of Gases," is a combined effort by liT Research

Institute and Stanford Research Institute. Mr. R. Brabets and

Miss A. Valaltls conducted the search and prepared the data liT Research

Institute added, expanded, and converted, liT Research Institute worked

extensively on thirteen of the originally presented nineteen fluids.

Those thirteen fluids are Nitrogen, Hydrogen, Helium, Oxygen, Carbon

Dioxide, Water, Propane, n-Butane, Ammonia, Freon II, Freon 12, Freon 13,

and Freon 14. New and extensive density graphs, providing three-place

read_ll)i]it>, were prepared for these thirteen fluids. The existing tables



were expanded and new data added when necessary. Whenever feasible, the

graphs were replotted in English units. The replotting of graphs applied

also to the six fluids that were not otherwise revised or expanded:

Perchloryl Fluoride, Chlorine Trifluoride, Hydrazine, Nitrogen Tetroxide,

UDMH and Hydrogen Peroxide.

)



I-2 DESIGN DATA REFERENCE UNITS

UNIVERSAL GAS CONSTANT
. i i

ergs/°C/mole

cal(15 °C)/°C/mole

cc-atm/°C/g-mole

liter-atm/°C/g-mole

in3-atm/°F/Ib-mole

in3-psi/°F/ib-mole

ft3-atm/°F/ib-mole

ft-lb/°F/ib-mole

Btu/°F/ib-mole

i |

8.317OxlO 7

1.9869

82.0567

8.20544xlO

P. 26OxlO 3

1.851o io4

-2

-I
7.30228xi0

1.5452xlO 3

!.9869

80.665 cm/sec/sec

32.174 ft/sec/sec

ZERO [

ABSOLUTE

-273.15°C = O°K

|-459.67% 0%|

PRESSURE UNITS (FL "2)
.,, ,, i

_ Equivalent

atmosphere

mm of Hg at O°C

in of Hg at 32.0 OF

g/cm 2

psia

ib/ft 2

2
dynes/cm

g/cc

Ib/in 3

Ib/ft 3

I,Std. Atmos.

!

760

29.921

1.033x103

14.696

2116.224

1.01325x106
J

DENSITY UNITS (ML -3)

, i i

i g/cc

1

3.613xlO "2

62.43

i Ib/in 3

27.680

I

1728.O

L

(ML" IT'2)

1 mm of Hg at

O°C

1.3158xlO "3

1

-2
3.937xi0

1.3595

1.9337x10 "2

2.7845

1.33322x103 "

I dyne/cm 2

9.8692xi0 "7

7.5006xi0 "4

2.953xi0 "5

1.01971xi0 "3

1.4504xlO "5

2.O886xiO "3

i

ii

I Ib/ft 3

-2
1.6018xlO

5'787x10 "4

WEIGHT UNITS ]

lb = 453. 5924 grams[

g- 0.0022o46ibI



DESIGN DATA REFERENCE UNITS (cont'd)
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DESIGN P.AIA REFERENCE UNITS (Cont'd)

FiiERMAL UNITS

Heat capacity:

_leat of Vaporization:

lleat of fusion:

Thermal conductivity:

cal/g = Btu/Ib

cal/g × 1.79882 = Btu/Ib

cal/g x 1.798a2 = Btu/Ib

(cal/sec-cm-°C) × 242 = Btu/hr-ft°F

niEquivalent _

kwh

ca] (mean)

cal (15°C)

BtU (mean)

ft3.atm

liter-atm

ft-lb

joules (aDs)

ergs

WORK AND ENERGY UNITS

I Btu (mean)

2.930 × i0-4

251.98

252.04

1.

(). 3676

Io..1oo

777.97

1054.8

1.0548 × 101°

1 ft-lb

3.7642 × 10 -7

3.2380 x 10 -4

3.23R1 x 10 -4

0.0012_54

4.7253 × 10-4

O.013381

1.

1. 35582

1.35582 x 10 7

1 g-cal (mean)

I.162£ × 10-6

I.

I. 0(_23R

0.00396R5

0.00145q

0.041311

3.0a74

4.1_6

I ft3-atm

7.9705 x [0 -4

680.74

680.58

2.7203

1.

28. 313

2116.3

2869.4

4. 186 x 107
1o

2.8496 x 10

I liter-arm

2.815 x 10 -5

24.2o52

24.19o¢

0.0Q607

0.035319

1.

74.735

101.328

1.0132 x 10 9



I - 3 TEMPEBATUBE CONVEBSION

_APINGuIN
F 01_ C

Tn BE
CONVEHTED

-459.67
-458
-456
-454
-452
-450

-448
-446
-444
-442
- 440

-438
-436
-434
-432
-430

-428
-426
-424
-422
-420

-418
-416
-414
-412
-410

-408
-406
-404
-402
-400

-398
-396
-3Q4
-392
-390

-388
- 386
-384
-382
-380

-378
-376
-374
-372
-370

-3t,8
-3(_6
-364
-362
-360

-358
-356
-354
-352
-350

° C

-273.15
-272.22
-271.11
-270.00
-268.89
-267.78

-266.67
-265.56
-264.44
-263.33
-262.22

-261.11
-260.00
-258.89
-257.78
-256.67

-255.56
-254.44
-253.33
-252.22
-251.11

-250.00
-248.89
-247.78
-246.67
-245.56

-244.44
-243.33
-242.22
-241.11
-240.00

-238.89
-237.78
-236.67
-235.56
-234.44

-233.33
-232.22
-231.11
-230.00
-228.89

-227.78
-226.67
-225.5ti
-224.44
-223.33

-222.22
-221.11
-220.00
-218.89
-217.78

-216.67
-215.56
-214. &l.
-213.33
-212.22

o K

0
0.93
2.04
3.15
4.26
5.37

6.48
7.59
8.71
9.82

10.93

12.04
13.15
14.26
15.37
16.48

17.59
18.71
19.82
20.93
22.04

23.15
24.26
25.37
26.48
27.59

28.71
29.82
30.93
32.04
33.15

34.26
35.37
36.48
37.59
38.71

39.82
40.93
42.04
43.15
44.26

45.37
46.48
47.59
48.71
49.82

50.93
52.04
53.15
54.26
55.37

56.48
57.59
58.71
59.82
60.93

o F ° B

0
1.67
3.67
5.67
7.67
9.67

11.67
13.67
15.67
17.67
19.67

21.67
23.67
25.67
27.67
29.67

31.67
33.67
35.67
37.67
39.67

41.67
43.67
45.67
47.67
49.67

51.67
53.67
55.67
57.67
59.67

61.67
63.67
65.67
67.67
69.67

71.67
73.67
75.67
77.67
79.67

81.67
83.67
85.67
87.67
89.67

91.67
93.67
95.67
97.67
99.67

101.67
103.67
105.67
107.67
109.67



TEMPERAI'UBECO[,VE£SION t Con t ' a )

_EADING IN
OF Off °C

TO BE
CONVERTED

-348
-346
-344
-342
-340

-338
-336
-334
-332
-330

-328
-326
-324
-322
-320

-318
-316
-314
-312
-310

-308
-306
-304
-302
-300

-298
-296
-294
-292
-290

-288
-286
-284
-282
-280

-278
-276
-274
-273.15

-273.15
-272
-270

-268
- 26 t)
-264
-262
-260

-258
-256
- 2 54
-252
-250

° C

-211.11
-210.00
-208.89
-207.78
-206.67

-205.56
-204.44
-203.33
-202.22
-201.11

-200.00
-19a.89
-197.78
-196.67
-195.56

-194.44
-193.33
-192.22
-191.11
-190.00

-188.89
-187.78
-186.67
-185.56
-184.44

-183.33
-182.22
-181.11
-180.00
-178.89

-177.78
-176.67
-175.56
-174.44
-173.33

-172.22
-171.11
-170.00
-169.53

-168.89
-167.78

-166.67
-165.56
-164.44
-163.33
-162.22

-161.11
-1_0. O0
-158.89
-157.78
-156.67

oK o F

62.04
63.15
64.26
65.37
66.48

67.59
68.71
69.82
70.93
72.04

73.15
74.26
75.37
76.48
77.59

78.71
79.82
80.93
82.04
83.15

84.2O
85.37
86.48
87.59
88.71

89.82
90.93
92.04
93.15
94.26

93.57
96.48
97.59
98.71
99.82

100.93
102.04
103.15
103.62

0 -459.67
104.26 -457.6
105.37 -454.0

106.48 -450.4
107.59 -446.8
108.71 -443.2
109.82 -439.6
110.93 -436.0

112.04 -432.4
113.15 -428.8
114.26 -425.2
115.37 -421.6
116.48 -418.0

oR

1
i

111.67
I 113.67
! 115.67
I 117.67
! 119.67

: 121.67
i 123.67
t 125.67
T 127.67i

129.67

; 131.67

i 133.67
I 135.67

137.67
i 139.67

I
i 141.67

143.67
145.67
147.67

! 149.67

' 151.67
153.67

i 155.67
I 157.67
I 159.67

I 16I.67
163.67
165.67
167.67
169.67

171.67
173.67
175.67
177.67
179.67

181.67
183.67
185.67
186.52

0
2.07
5.67

9.27
12.87
16.47
20.07
23.67

27.27
30.87
34.47
38.07
41.67

)



TEMPERATURECONVERSION (Cont'd)

READINGolN
°F OR C

TO BE
CONVERTED

-248
-246
-244
-242
-240

-238
-236
-234
-232
-230

° C

-155.56
-154.44
-153.33
-152.22
-151.11

-150. O0
-148.89
-147.78
-146.67
-145.56

-228
-226
-224
-222
-220

-218
-216
-214
-212
-210

-208
-206
-204
-202
-200

-198
-196
-194
-192
-190

-188
-186
-184
-182
-180

-178
-176

174
-172
-170

-168
-16_i
-Its4
-162
-160

-158
-156
-154
-152
-150

-148
-146
-144
- 142
-140

-144.44
-143.33
-142.22
-141.11
-140.00

-138.89
-137.78
-136.67
-135.56
-134.44

-133.33
-132.22
-131.11
-130.00
-128.89

-127.73
-126.67
-125.56
-124.44
-123.33

-122.22
-121.11
-120.00
-118.89
-117.78

-116.67
-115.$6
-114.44
-113.33
-112.22

-111.11
-110.00
-108.89
-107.78
-106.67

-105.56
-104.44
-103.33
-102.22
-101.11

-100. O0
- 98.89
- 97.78
- 96.67
- 05.5_

oK o F

117.59 -414.4
118.71 -410.8
119.62 -407.2
120.93 -403.6
122.04 -400.0

123.15 -396.4
124.26 -392.8
125.37 -389.2
126.48 -385.o
127.59 -382.0

128.71 -378.4
129.82 -374.8
130.93 -371.2
131.94 -367.6
133.15 -364.0

134.26 -360.4
135.37 -356.8
136.48 -353.2

° R

45.27
48.87
52.47
56.07
59.67

63.27
66.87
70.47
74.07
77.67

81.27
84.87
88.47
92.07
95.67

99.27
102.87
106.47

137.59
138.71

139.82
140.93
142.04
143.15
144.26

145.37
146.48
147.59
148.71
149.82

150.93
152.04
153.15
154.26
155.37

156.43
157.59
158.71
159.82
160.93

162.04
163.15
16 4.26
165.37
166.48

167.59
168.71
169.84
170.93
172.04

173.15
17 4.2.
17 5.37
176.48
177.59

-349.6 110.07
-346.0 113.67

-342.4 117.27
-338.8 120.87
-335.2 124.47
-331.6 128.07
-328.0 131.67

-324.4 135.27
-320.8 138.87
-317.2 142.47
-313.6 146.07
-310.0 149.67

-306.4 153.27
-302.8 156.87
-299.2 160.47
-295.6 164.07
-292.0 167.67

-288.4 171.27
-284.8 174.87
-281.2 178.47
-277.6 182.07
-274.0 185.67

-270.4 189.27
-266.8 192.87
-263.2 196.47
-259.6 200.07
-256.0 203.67

-252.4 207.27
-248.8 210.87
-245.2 214.47
-241.6 218.07
-238.0 221.67

-234.4 225.27
-230.8 228.87
-227.2 232.47
-223.6 236.07
-220.0 239.67



TEMPEHAIIJRE CONVERSION (Cont'd) 3

READING IN
OF OR °C
TO BE

CONVERTED

-138
-136
-134
-132
-130

-12/1
-126
-124
-122
-120

-118
-116
-114
-112
-110

-108
-106
-104
-I02
-I00

-98
-96
-94
-92
-90

-88
-86
-84
-82
-80

-78
-76
-74
-72
-70

-68
-66
-64
-62
-60

-58
-56
-54
-52
-50

-48
-46
-44
-42
-40

-38
-36
-34
-32
-30

° C

-94.44
-93.33
-92.22
-91.11
-90.00

-88./19
-87.78
-86.67
-85.36
-84.44

-83.33
-82.22
-81.11
-80.00

oK

178.71
179.82
180.93
182.04
183.15

184.26
185.37
186.43
187.59
188.61

189.82
190.93
192.04
193.15

o F

-216.4
-"212.8
-209.2
-205.6
-202.0

-198.4
-194.8
-191.2
-187.6
-184.0

-180.4
-176.8
-173.2
-169.6

-78.89

-77.78
-76.67
-75.56
-74.44
-73.33

-72.22
-71.11
-70.00
-68.89
-67.78

-66.67
-65.56
-64.44
-63.33
-62.22

-61.11
-60.00
-58.89
-57.78
- 56.67

-55.56
-54.44
-53.33
-52.22
-51.11

-50. O0
-48. i19
-47.78
-46.67
-45.56

-44.44
-43.33
-42.22
-41.11
-40.00

-38.89
-37.78
-36.67
-35.56
-34.44

194.26 -166,0

195.37 -162.4
196.48 -158.8
197.59 -155.2
198.71 -151.6
199.82 -148.0

200.93 -144.4
202.04 -140.8
203.15 -137.2
204.26 -133.6
205.37 -130.00

206.48 -126.4
207.59 -122.8
208.71 -119.2
209.82 -115.6
210.93 -112.0

212.04 -108.4
213.15 -104.8
214.26 -101.2
215.37 -97.6
216.48 -94.0

217.59 -90.4
218.71 -86.8
219.82 -83.2
220.93 -79.6
222.04 -76.0

223.15 -72.4
224.26 -68.88
225.37 -65.2
226.48 -61.6
227.59 -58.0

228.71 -54.4
229.82 -50.8
230.93 -47.20
232.04 -43.6
233.15 -40.0

234.26 -36.4
235.37 -32.8
236.48 -29.2
237.59 -25.6
238.71 -22.0

o R

243.27
246.87
250.38
254.07
257.67

261.27
264.87
268.47
272.07
275.67

279.27
282.87
286.47
290.07
293.67

297.27
300.87
304..47
308.07
311.67

315.27
318.87
322.47
326.07
329.67

333.27
336.87
340.47
344.07
347.67

351.27
354.87
358.47
362.07
365.67

369.27
372.87
376.47
380.07
383.67

387.27
390.87
394.47
398.07
401.67

405.27
408.87
412.47
41b.07
419.67

423.27
426.87

4 30.47
434.07
437.67

)



TEJWPE|IATUBECONVERSION (Cont'd)

READING IN
°F _R °C

TO BE
CONVERTED

-28
-26
-24
-22
-20

-18
-16
"14
-12
-I0

-8
-6
-4
-2

0.00

+2
+4
+6
*8

+i0

+12
.14
+16
+18
*20

° C

*22
+24
*26
+28
+30

+32
*34
+36
+38
_'40

42
44
46
48
50

52
54
56
58
60

62
64
66
68
70

72
74
76
78
80

oK oF

-33.33
-32.22
-31.11
-30.00
-28.89

-27.78
-26.67
-25.56
-24.44
-23.33

-22.22
-21.11
-20. O0
-18.89
-17.78

-16.67
-15.56
-14.44
-13.33
-12.22

-II.II
-I0.00

-8.89
-7.78
-6.67

-5, 56
-4.44
-3.33
-2.22
-1.11

O.O0
*I.II
*2.22
*3.33
+4.44

239.82
240.93
242.04
243.15
244, 26

245.37
246.48
247.59
248.71
249.82

250.93
252.04
253.15
254.16
255.37

256.48
2 57.59
258.71
2 59.82
260.93

262.04
263.15
264.26
265.37
266.48

267,59
268.71
269.82
270.93
272.04

273.15
274.26
275.37
276.48
277.59

-18.4
-14.8
-11.2
-7.6
-4.0

-0.4
+3.2
+6.8
+10.4
+14.0

+17.6
.21.2
*24.8
÷28.4
+32.0

*35.6
+39.2
+42.8
+46.4
+50.0

+53.6
+57.2
+60.8
+64.4
+68.0

+71.6
*75.2
+78.8
*82.4
+86.0

÷89.6
+93.2
+96.8

"100.4
"104.0

5.56 278.71
6.67 279.82
7.78 280.93
8.89 282.04

10.00 283.15

1].11 284.26
12,22 285.37
13.33 286.48
14.44 287.59
15.56 288.71.

16.67 289.82
17.78 290,93
18.89 292.04
20.00 293.15
21.11 294.26

22.22 295.37
23.33 296.48
24.44 297.59
25.56 298.71
26.67 299.82

107.6
111.2
114.8
118.4
122.0

125.6
129,2
132.8
136.4
140.0

143.6
147.2
150.8
154.4
158.0

161.6
165.2
168.8
172.4
176.0

° B

441.27
444.87
448.47
452.07
455.67

459.27
462.87
466.07
470.07
473.67

477.27
-480.87
484.47
4a8.07
491.67

495.27
498.87
502.47
506.07
509.67

513.27
516.87
520.47
524.07
527.67

531.27
534.87
538.47
542.07
545.67

549.27
552.87
556.47
560.07
563.67

567.27
570.87
574.47
578.07
581,67

585.27
588.87
592.47
596.O7
599.67

603.27
606.87
610.47
614.07
617.67

621.27
624.87
628.47
632.07
635.67



TEMPEhATUBE CONVERSION (Cont'd)

ItEADING IN
°F OR °C

TO BE
CONVERTED

82
84
36
88
90

92
94
96
98

100

102
104
106
108
110

112
114
116
118
120

122
124
126
128
130

132
134
136
138
140

142
144
146
148
150

152
154
156
158
160

162
16,1
166
168
170

172
174
176
178
180

182
184
136
1_8
190

° C

27.78
28.8q
30.00
31.11
32.22

33.33
3,1.44
35.56
36.67
37.78

38.89
40. O0
41.11
42.22
43.33

44.44
45.56
46.67
47.78
48.89

50. O0
51.11
52.22
53.33
54.44

55.56
56.67
57.78
58.89
60.00

61.11
62.22
63.33
64.44
65.66

66.67
67.78
68.89
70.00
71.11

72.22
73.33
74.44
75.56
76.67

77.78
78.89
80.00
81.11
82.22

83.33
84.44
85.56
8t_,.67
87.78

oK ° F

300.93 179.6
302.04 183.2
303.15 186.8
304.26 190.4
305.37 194.0

306.48 197.6
307.59 201.2
308.71 204.8
309_82 208.4
310.93 212.0

312.04 215.6
313.15 219.2
314.26 222.8
315.37 226.4
316.48 230.0

317.59 233.6
318.71 237.2
319.82 240.8
320.93 244.4
322.04 248.0

323.15 251.6
324.26 255.2
325.37 258.8
326.48 262.4
327.59 266.0

328.66 269.6
329.82 273.2
330.93 276.8
332.04 280.4
333.15 284.0

334.26 287.6
335.36 291.2
336.48 294.8
337.59 298.4
338.71 302.0

339.82 305.6
340.93 309.2
341.64 312.8
343.15 316.4
344.26 320.0

345.37 323.6
346.48 327.2
347.59 330.8
348.71 334.4
349.82 338.0

I 350.93 341.6
352.04 345.2
353.15 348.8
354.26 352.4
355.37 356.0

3.56.48 359.6
357.5q 363.2
358.71 366.8
359.82 370.4
360.93 374.0

° H

639.27
642.87
646.47
650.07
653.67

651.27
660.87
664.47
668.07
671.67

675.27
678.87
682.47
686.07
689.67

693.27
696.87
700.47
704.07
707.67

711.27
714.87
718.47
722.07
725.67

729.27
732.87
736.47
770.07
743.67

747.27
750.87
754.47
758.07
761.67

765.27
768.87
772.47
776.07
779.67

783.27
786.87
790.47
794.07
797.67

801.27
804.87

i 808.47
, 812.07

815.67

819.27
822.87
826.47
830.07
833.67

-)



TEMPEHAT_HECONVERSION (Coucluded)

READING IN
OF OH °C

TO BE
CONVERTED

192
194
196
198
200

202
204
206
208
210

212
214
210
218
220

° C

88.89
90.00
91.11
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II-i INTRODUCTION

The purpose of a stored cold gas or cryogenic liquid system for

spacecraft applications is to provide a storage of energy which (I) can

be used direc£1y as a propulsive or attitude control media or (2) can be

employed in the blowdownof liquid propellant storage vessels. Typical

spacecraft applications include:

(I) Rocket propellant turbopump feed systems - Booster and
upper stage

(2) Spacecraft maneuvering

(3) Attitude control systems
(4) Fuel cell

(5) Personnel propulsion

Each of these systems utilizes the stored gas in a different manner.

Additionally, within the samegroup of systems, wide variations in system

concepts exist depending upon past performance, experience, designers

preference, and mission requirements. There is no need to go into detail

on individual systems because adequate information is readily available

on operational systems plus a multiplicity of information on conceptual

schemes. In each case, however, a stored gas is employed and the discus-

sion can be limited to that portion of the spacecraft subsystem.



II-2 SYSTEMDESCRIPTION

General

The most general system consists of the following components:

(i) A gas storage vessel

(2) An electrically operated start valve

(3) Gas fill and vent valve

(4) Filters - often two where one precedes the storage vessel

during fill and the other preceding the start valve

(5) A check valve to prevent back flushing of the fill valve
filter

(6) A relief valve and possibly a burst disc

(7) Piping and associated connections

(8) Manifolds

(9) Pressure transducer

(IO) Temperature transducer

Construction Features

Ther_ are several philosophies surrounding the construction of the

fluid components. One philosophy suggests that all components (relief,

fill, vent, start, and the regulator) be placed in one integrated assembly

such as that shown in Figure 11-2-2. This component development was con-

ducted by Bell Aerosystems for the Air Force (Ref. 3). Another philosophy

states that all components can be located within the pressure vessel. In

both cases, the objective is to reduce component interconnections and,

hence, leakage. Another less drastic concept suggests that the components

be located on an integral frame as shown in Figure 11-2-3. Coupled with

this latter philosophy, is the integration of minor components such as the

fill valve shown in Figure 11-2-4. Fill and check valves and a filter are

located in the same housing. A less desirable method is to use individual

components connected together and scattered about the spacecraft. The ad-

vantage in modular construction is the ability to leak check complete

packageg before final assembly.



In addition, any integration of componentsreduces sources of contam-

ination. The entire system, like the individual components, should be

cleaned and assembled in a Class IOOOO(or better) clean room. The classi-

fication of clean rooms is designated in Federal Standard 209. This stand-

ard states that a class iOOO0roommust contain less than IOOO0particles

per cubic foot of 0.5 micron size and larger. Continuous flushing of com-
ponents with pressurant gas can also reduce contamination. The assembled

integrated unit or sub-assembly should be pressurized with the pressurant
or a more inert gas during storage.

The location of the center of gravity of the spacecraft is quite

important. Consequently, the placement of componentsmay be dictated by
this factor.

Pressurization system componentsshould have all external hermetic

seals rather than general purpose seals. This reduces external leakage

and improves reliability. All componentsshould be provided with the

necessary radiation and meteoroid protection depending upon the location

within the spacecraft and its mission.

Whenselecting fluid conduits, the size of the tubing should be commen-

surate with tolerable pressure dropat maximumflow rates. The connections

should preferably be brazed or welded using techniques which prevent any

egress of contaminants. These connections should be madeas far from in-

dividual componentsas possible. In the event close joining is necessary,

adequate heat sinks should be provided.

Since it is often impossible to construct a completely welded system,
a connector must be selected. For minimumleakage, the "O"-ring modified

AN fitting is suggested, Section XI-9. Whenelastomers cannot be employed

consideration should be given to the AFRPLor the "MC" connector.

The tubing should be resiliently mounted to compensatefor thermal

expansion. Simultaneously, the tube attachment points should be located

such that minimumstresses are generated due to acceleration, vibration,
and shock transients.



A schematic diagram of a typical subsystem is shownin Figure 11-2-I.
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Fig. 11-2-I Typical Pressurized Gas Storage System
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Start Valves

Solenoid start valves should be capable of continuous actuation with

minimum power requirements. Squib and other methods of actuation should

not introduce contaminants into the system. Leakage past the valve seat

should be minimized commensurate with the size of the valve. For small

valves, it is preferable to use soft seats with hard poppets. The orienta-

tion of the valve on the spacecraft should be such that acceleration forces

do not tend to open the valve.

Fill FittinK

The subsystem must include a fill fitting which in a dual role can serve

as a vent. In some cases, a separate vent fitting or a combination fill

and vent can be used. A filter capable of removing one hundred percent of

the contaminant particles (three microns or larger in size) should be placed

immediately upstream of the fitting and should impose minimum flow restric-

tion. The contaminants collected by the filter should be minimal when

similar prefiltering techniques are employed on the gas issuing from ground

storage.

A charging line should be readily attachable to a fill valve. This

may be achieved through the use of a quick disconnect coupling or a slip

on an elastomeric sealed, threaded connector. The use of tools should be

avoided. A separate vent connection may be useful in the event an abort

or disassembly is required. The rate of outflow should be determined by

limitations of thermal changes within the vessel and vent valve. This is

particularly significant when a cryogenic liquid is also stored in the

vessel. A remote vent can also be operated as part of the ground fill

system. This is a preferable method in that only one fill valve fitting

is required. A check valve is required with this arrangement as shown in

Figure 11-2-I.

Relief Valve

The relief valve should protect the system from pressures exceeding

the proof pressure rating. The response should be sufficiently fast so



that a minimumof fluid is lost and simultaneously protect the system from

overpressures. The vented fluid from the relief valve should be jettsoned

with a low velocity and in somepredetermined modewith respect to the

spacecraft. The relief valve should be oriented in such a manner, so that

acceleration forces do not tend to open the valve.

Pressure Vessel

System requirements should be established prior to the selection of a

location for the pressure vessel since the design process optimizes the

relationships between such variables as configuration, volume, weight, and

mounting techniques. Any subsequent changes will therefore necessitate a

re-evaluation of this entire system. The pressure vessel itself should be

considered as a simple geometric shape with a maximum degree of symmetry.

Connections or parts should be located at extremities and their number

should be a minimum. The pressure vessel should be mounted in a resilient

manner so that dimensional changes due to heating or changing gas pressure

do not adversely affect the vessel structure or the location and alignment

of the fluid conduits and other components.

If the pressure vessel is to contain internal or nearby external parts

which have reliabilities less than that of the vessel itself it should be

located in a readily accessible area. However, the weight of the pressure

vessel is usually significant compared to the rest of the systems. Its

effect upon the center of gravity of the spacecraft must be considered.

Finally it should be remembered that the pressure vessel's reliability

is directly related to its simplicity. Section VII provides an extensive

discussion of pressure vessel design. Section VIII presents a discussion

of pressure vessel fabrication, joining techniques, and material selection.

System Thermodynamics

The thermodynamic state of the pressurant in the storage vessel can

be determined with difficulty if the initial conditions are known and the

thermal characteristics of the vessel (i.e., heat leakage, insulation,

etc.) are available. The conditions of the fluid in the storage tank will

k_J



depend not only on the initial thermodynamic conditions of the fluid and

the thermal properties of the vessel, but also on the time involved to

determine the degree of thermodynamic equilibrium of the fluid. For the

same amount of work or static pressurization done the pressurant require-

ment will vary according with the regime governing the process. In other

words the amount of pressurant required for an operation will vary depend-

ing on whether the operation is performed under adiabatic, isothermal, or

diabatic conditions. The methods of analysis used in each case are dis-

cussed in Section XII.

Stored Gas

In the stored gas pressurization system the pressurant is stored at

high pressure and released to flow upon demand through a pressure or flow

control device, This system is shown in Figure XI-2-1.

Although the system is simple from a construction and functioning

viewpoint, the estimating of pressurant required for a given mission can

be a complex exercise resulting in an accuracy to within 10%o

Appreciable gas temperature changes occur for a stored gas system

where the gas is not purposely heated, stemming from the expansion of the

gas within a very short time period from the considerably higher pressure

in the storage bottle to the pressure of the propellant tank. Usually

when a major fraction of the pressurization process occurs in a short

time span (up to 500 sec), the transfer of heat occurs almost entirely

under transient temperature conditions. In most applications, the stored

gas pressurizing process cannot be considered to be isothermal, although

two special cases can be treated as approximating an isothermal expansion:

(a) very low flows for long times (greater than 500 sec), and (b) single,

widely spaced, very short expansions where the drop in pressure of the

gas storage bottle is less than 5%° Precise solution of the heat transfer

and energy equations for the majority of stored gas systems that pressurize

in a transient temperature manner are best made in incremental steps using

graphical or computer programs, which are the methods used in exact final

design. However, it has been found to be considerably less time consuming

and sufficiently accurate for preliminary design purposes to use approximate

methods in estimating the gas temperature in the propellant tank.



Approximate methods for the calculation of weight and volume of stored

gas are contained in Section XII and Reference I.

Solid and Liquid Propellants

Gas generation can be achieved by combustion of gases outside or with-

in the storage vessel. Each method imposes different boundary conditions

on the analysis of the system capacity. Reference 1 should be referred to

for details of analysis. As with any system or component, a system utiliz-

ing combustion products as its pressurant has special problems and areas

that merit primary consideration. The following should be examined before

extensive calculations are undertaken.

For missions with multiple restarts and sufficiently long coast

periods, the equilibrium temperature of the ullage that will be reached

during the first few coast periods will be near the original bulk propell-

ant temperature, particularly if the firings are small. If a large fraction

of combustion products have condensation temperatures above the initial

bulk temperature of the propellant, another method of pressurization should

be considered for these systems. The condensation of a large portion of

the combustion products during coast results in (a) the requirement for an

unusually large amount of combustion products for the succeeding pressure

makeup, and (b) the possibility of foreign material contained within the

propellant interfering with the operation of the propellant feed system or

engine, unless such foreign material is filtered out. In the latter case,

the nature of the condensate should also be considered. A fine powder might

be flushed through the feed system with the main propellant while another

constituent might form a glutinous mass that would interfere with component

operation or degrade engine performance.

Excessive condensation may be discovered easily by examining the curve

for effective molecular weight of the combustion products as a function of

temperature for the constant density cases. A large increase in effective

molecular weight as the temperature approaches the original bulk temperature

of the propellant indicates that a large fraction of the combustion products

is passing from the gaseous to liquid or solid phases.



The foregoing consideration is not important when the subject mission

consists of a single firing since the temperature of the combustion products

will remain relatively high throughout operation of the system.

Although the inlet temperature of gas generator combustion products

should be as high as possible to take advantage of the large specific vol-

ume(low density), such high temperatures require heavy, durable propellant

tanks and components. The designer should select the inlet temperature

that best fulfills the requirements of the system as a whole. The inlet

temperature may be controlled by changing the gas generator mixture ratio

or propellant composition (which also varies the molecular weight of the

combustion products) or by transferring someof the generated heat to other

systems by meansof heat exchangers.

For propellants insulated from, and stored at a temperature below the

vehicle skin temperature, the limiting factor is the amount of heat that

can be absorbed by the propellant. This heat can comefrom the combustion

products, engine assemblies or other shipboard systems, and external sources

(solar radiation, earth albedo). The heat input can affect propellant vapor

pressure, cause decomposition, or raise the bulk temperature of the propell-

ant to the critical value. The designer should consider the weight trade-

off between the hot gas pressurization system with additional insulation

and the cold gas systems with minimal amounts of insulation.

Systems with propellants stored at the equilibrium skin temperature of

the vehicle offer the best' areas for application of combustion product

pressurization. Since the bulk propellant temperature tends to return to

the equilibrium skin temperature by radiating excess heat into space, the

tank can never becomeoverpressurized during coast periods as can those

storing cryogenic liquids. At the sametime, the ullage temperature will

never fall below this equilibrium temperature however long the coast period.

Most systems using combustion products as the pressurizing mediumcan
be adapted to restart conditions. The primary considerations, such as

bringing the propellant tank back up to pressure at the end of coast and

the possible contamination of the propellant by condensedreaction products
are discussed in Reference I.



It should be mentioned that for bipropellant gas generator systems

utilizing diergolic propellants, somereliable form of ignition system

will be required for restarts.

Evaporated Propellant

The Vapak pressurization concept is based on utilization of the in-

ternal energy of liquid propellant stored in a closed container to perform

the work required to expel the liquid from the container. Before such a

system is started, the entire bulk of the propellant is conditioned to the

temperature at which its vapor pressure is equal to the desired propellant

tank pressure. When a temperature other than ambient must be used, electric

heaters and/or insulation may provide the required temperature, but will add

to the system weight unless they can be made a part of the ground support

equipment. The liquid propellant is therefore in thermal equilibrium with

the saturated propellant vapors present in the ullage. As the propellant

tank valve is opened, the liquid propellant flows from the bottom of the

tank. The boiling, which takes place within the liquid remaining in the

tank, produces vapor to fill the volume of the liquid being discharged. The

heat of vaporization of the vapor being generated is obtained from the liquid;

therefore, the temperature of the liquid decreases. Since the vapor pressure

of a liquid is a function of temperature, there is a progressive decrease in

tank pressure as the liquid propellant is expelled. The rate at which the

tank pressure decreases is a function of the thermodynamic properties of the

propellant and the relative volume of propellant remaining in the tank.

The concept of liquid propellant expulsion through vaporization of

either the propellant itself (primary vaporization) or of a second fluid

(secondary vaporization) is attractive because of its simplicity and associ-

ated high reliability. Combinations of primary and secondary vaporization

systems may be attractive with certain propellant combinations.

In general, it is best to use as low an expulsion pressure as possible

with Vapak systems. Higher pressures require higher temperatures. This

increases the weight of the system by (I) increasing the size and weight of

the propellant tanks due to lower initial propellant density, (2) increasing

i)



the weight of residual propellant vapor left in the tank at the completion

of the liquid expulsion, and (3) adding to possible heating requirements.

Sizing methods for vapor pressurization systems are outlined in Ref-

erence I.

Evaporated Non-Propellants

A properly designed evaporated non-propellant system can, for certain

applications, offer significant weight ahd volume reductions over other

pressurization schemes, e.g., stored gas. For ambient temperature applica-

tions where the storage time before use may be weeks or months, the pres-

surant may be stored in liquid form under its own vapor pressure and then

be vaporized to be used in the gaseous phase when required.

This type of storage, two phase or "subcritical", is superior to high

pressure stored gas in at least two respects: (I) the specific volume of

the pressurant during storage is much less, resulting in a smaller, lighter

storage bottle; (2) the storage pressure is much lower (being equal to the

vapor pressure of the liquid at the ambient storage temperature), which

decreases the wall thickness of the pressurant storage bottle, and thus

offers a second design method for decreasing its weight. In exchange for

this weight saving, however, the system complexity usually is greater than

the stored gas system as will be seen. There are also other disadvantages

of liquid pressurant storage: (I) the system is not self starting, i.e.,

some method of furnishing energy to vaporize the pressurant must be avail-

able; (2) a liquid-gas orientation or positive expulsion device must be

fitted to those systems operating in a zero-g environment; (3) those pres-

surants which may be stored conveniently in the liquid phase (i.e., at earth

storable or space vehicle storable temperature with low vapor pressure) have

high molecular weights relative to helium (e.g., NH3, etc.); (4) the heat

exchanger-vaporlzer and associated control system must be relatively sophis-

ticated to ensure proper operation of the system, particularly in variable

flow-rate applications, compared, for example, to a hlgh-pressure stored

gas type of system which usually can be designed to operate satisfactorily

with only a pressure regulator.



The second type of evaporated non-propellant system is the supercriti-

cal cryogenic storage system. In this system, the pressurant (He, N2, etc.)

is loaded as a liquid but is converted within the sealed storage vessel to

a gaseous state by addition of heat and pressure before withdrawal. As is

explained more fully in Reference I, this method has the primary advantage

of storing the fluid in such a manner that the density achieved is greater

even than the normal liquid density. Significant decreases in system volume

and weight result from this storage method. In addition, supercritical

cryogenic storage places no constraints on zero-g operation as long as the

fluid is maintained in the supercritical state by addition of heat during

withdrawal.

Coupled with these advantageous features, however, are several problem

areas. Supercritical cryogenic storage systems such as that proposed for

the Lunar Excursion Module (Ref. I) must be insulated from their surroundings.

Because the storage temperature of the helium pressurant in such a system is

so very low, only an extremely effective type of insulation system can be

used, such as evacuated annular jackets with multiple radiation shields and

vapor refrigerated shrouding or "super insulation". Even with sophisticated

methods the heat sink of the bottle and its fluid pressurant is relatively

small so that the heat transferred into the system will ultimately raise the

pressure and require the beginning of withdrawal or venting some of the fluid

overboard if it cannot be gainfully used by this time.

Another area requiring careful attention is the internal and external

heat exchangers system and control of the heat so inducted into the storage

vessel. If the internal heat exchanger transfers too much heat to the stored

fluid during operation, over-pressurization and subsequent venting of pres-

surant will result. Conversely, if insufficient heat is transferred, exces-

sive pressure decay will occur. If the deficiency in energy supply contin-

ues to the end of the duty cycle, a large outage of pressurant will result

which could cause mission failure.

The external heat exchangers and their controls also require knowledge-

able design. They must operate over a wide temperature range (-430 ° to

about O°F), be lightweight, and must be carefully designed to avoid excessive



_p loss In the warm (propellant) loope This last constraint can be es-

pecially serious if overlooked since injector performance may be quite sen-

sitive to adverse pressure changes, particularly if the system has variable

thrust capability°

The last problem area of supercritical cryogenic storage systems to

be pointed out here is that of ground support equipment. Due to its low

heat capacity and low temperature, liquid helium cannot be pumped over long

d_stances without refrigeration. Portable dewars and a specially designed

filling system will have to be employed for loading the storage vessel.

The system must be charged just before lift-off because of the standby time

constraint. The most advantageous location for the GSE would be at the same

level as the storage vessel. For upper stage vehicles, this will introduce

considerations of both weight and space on the arming tower.

Helium and other non-propellant pressurants are sometimes loaded and

stored in the gaseous state in a container which can be submerged in the

available liquid propellant at cryogenic temperatures. This type of storage

may also be termed supercritical since the pressurant is maintained above

its critical temperature and pressure° There is, however, an important

difference between this type of supercritical storage and the one previously

discussed. The pressurant in the previous system is loaded as a liquid,

which becomes a gas through addition of heat and pressure from outside the

system° Because the system is thermally insulated, it may be maintained

for a period of time in an external environment of much higher temperature.

The cryogenic gas storage systems as used on Titan and Saturn depend upon

the surrounding propellant for temperature control. These systems, there-

fore_ are actually stored gas systems maintained at low available ambient

temperatures.. Their chief advantages over stored_gas systems at normal

temperature, of course, lies in the fact that the increased storage density

of the pressurant at the cryogenic temperatures permits the use of smaller,

and hence lighter, pressure spheres. The thermodynamic analysis of such

systems is virtually identical with that of other stored gas systems al-

though the non-insulated design is much simpler.

The subcrltical storage of non-propellants will not be extensively

treated in this Section either° In applications requiring handling zero



gravity conditions subcritical storage is not operationally as feasible at

this time as single phase supercritical systems.

The basic thermodynamic analysis for these systems are outlined in
Reference i.

)

)



11-3 COMPARISON FACTORS AND SELECTION CRITERIA

A pressurant may be initially stored in the gaseous, solid or liquid

phase. If stored in the gaseous state, the system is called simply a stored

gas or cold gas pressurization system. Storage in the solid or liquid state

can be in the form of propellants where combustion converts the materials

to a gas at launch, just preceding subsystem operations or upon periodic

demand_ The liquids used in these systems can be mono or hi-propellants.

Liquid pressurants can also be propellants where the mode of gas gen-

eration is the production of vapor through heating rather than combustion.

They are commonly called Vapak or evaporated propellant systems. Addition-

ally, cryogenic liquids can be used as pressurants where the mode of gas

generation is also the production of vapor. These systems are commonly

called non-propellant vapor systems. In the following discussion only the

briefest details are considered. The reader can obtain additional details

on most pressurization system concepts in Reference I and 2.

The selection of a pressurization systems is based generally on com-

patibility requirements between the pressurant and the subsystem. For in-

stance, propellant systems utilizing liquid hydrogen as fuel will tolerate

only helium as a pressurant, and in view of the difficulties associated

with the storage and handling of liquid helium, the choice must necessarily

fall to gaseous storage systems.

When the pressurized systems will tolerate a number of pressurants,

then the selection must be made on the basis of weight, volume, reliability,

availability, shelf life or any other initial requirement characteristic

of particular spacecraft or missions in question.

Factors such as reliability, availability, shelf life, etc., are dif-

ficult to evaluate in concrete terms since they vary from application to

application and are dependent on many different variables impossible to

consider in their entirety. Therefore the designer must consider individual

cases and decide the merits of each system as it applies to his particular



situation. Only the most general recommendationsand guidelines can be ex-

pected here on these highly individual and intangible factors.

However, other characteristics, such as weight and volume are more

amenable to calculations and therefore a serious attempt at predicting

these variables can be madein order to help in the selections and designs

of the systems. Before any estimate of the volume and weight required by

the pressurizations systems can be made, it is necessary to determine the

amount of pressurant needed for a mission. For instance, if the system

supplies an attitude control nozzle it is necessary first to determine the

massof gas required per actuation, the massrate of flow and the total

numberof actuations. For the case of a propellant expulsion system, as

for ullage pressurizations for instance, the number of actuations will be

one (an actuation consisting of the operation as operations taking place

from the time the system is activated until the propellant is exhausted).

The amount of pressurant required will depend on the ullage, the volume of

propellant displaced, the thermodynamic properties of the pressurant and

propellant, and other variables considered in greater detail in Reference I.

The amount of pressurant required per actuation cannot be easily ob-

tained analytically. This information is usually obtained by experimenta-

tion or through complex computer programming. The duty cycle, again, may
be calculated from the character of the missions or determined by experi-

mentations.
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I I I- 3. INTRODUCTION

The purpose of this section is to provide s summary of the physical

properties of the upper atmosphere and the space environment. Environ-

mental parameters, such as pressure and density, the acceleration of

gravity, temperature, ionization, radiation, magnetism, etc., must he

considered in the design of storage systems for pressurizing gases. The

discussion in this section is based upon a survey of unclassified

literature and in many instances the data, particularly at high altitudes,

may be altered significantly as more satellite and space-probe data are

accumulated.

The most common method of deriving the atmospheric properties of

pressure, density, gravity, etc. is based upon the perfect gas law and

the hydrostatic equation, but results obtained for altitudes above

300 miles are questionable largely because these relationships do not

take into account differences in tile molecular composition of the

atmosphere in the upper regions. Kallman and Juncosa 5 derived the

variation of pressure with height from the variation of density with

height by numerical integration of data obtained from rocket and satellite

observations without assuming a scale height or temperature gradient.

Tile Satellite Environment ltandbook 7 contains a comprehensive review of

the data available through 1960 regarding the physical properties of

the upper atmosphere, radiation, micrometeorites, etc.

Since tile atmosphere is not heated uniformly by the sun, its physical

properties at a given altitude at any time can vary greatly from a

particular value derived from a "mode[ atmosphere" based on the gas

law and the hydrostatic equation. It has been estimated from satellite

data that the density can vary by a factor of 10 at an altitude of 435 miles

within a 24-hour period.
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The density of the atmosphere versus altitude is shown in

Figure II_2-i, and Figure II_2-2 illustrates the pressure of the atmos-

phere versus altitude. Table II_2-i, which summarizes atmospheric

parameters as a function of altitude, is derived from the models of

Kallman and Juncosa s and those of the Satellite Environment llandbook. ?

The data in columns titled "Solar Max." and "Solar Min." are from the

Satellite Environment Handbook; the columns titled "K & J Model A" are

from Kallman and Juncosa. The drop in mean molecular weight at 1600

and 800 km at solar maximum and minimum, respectively, is attributed

to the presence of atomic hydrogen in the atmosphere, but the particle-

concentration data are tentative. The variation of gaseous compositions

from the earth's atmosphere to outer space is indicated in TableI1_2-4

(Jaffe and Rittenhouse6).

By definition, free molecular flow occurs whenever the mean free

path of the molecules is larger than the linear dimension of the body

under consideration. The ratio of the length of the mean free path to

the linear dimension of the body is known as the Knudsen number {K)

and free molecular flow is assumed for large values of K. Because of

the low density and long mean free path in outer space, atmospheric

drag and heat transfer to a spacecraft are to be computed from the

theory of free molecular flow.

Figure lll-2-3 shows the mean free path in feet versus the altitude

in km, assuming that the mean molecular weight of the atmosphere is 15.

At 90 km, the mean free path is about 5.5 x 10-2 ft; at 240 km, about

i000 ft. Thus above 240 km, the heating effect of drag is negligible,

and solar radiation is the main influence in determining the shell

temperature of a spacecraft as it moves into and out of the earth's

shadow. The temperature of the spacecraft in this region depends upon

the absorptivity and the emissivity of its surface and the heat capacity

of the outer shell. If the absorptivity is high, the temperature may

vary by ]00°C or more per revolution; for example, the shell temperature

of Explorer I ranged from -25°C to 75°C, although most observations

indicated a temperature of 0 ± 25°C at a perigee distance of 270 km,

and an apogee distance of 1800-2250 km.



Recently, three new model atmospheres have been established, by

ARDC, COSPAR, AND COESA respectively. The COSPAR atmosphere is published

in [14], and the (COESA) U.S. Standard Atmosphere 1962, FigureIIL2-4

and Figure II_2-5, is discussed in [15]. In the latter reference,

seasonal and latitudinal variations are explained, and basic temperature

profiles are given.

A few derived densities are plotted by Sissenwine et al! 5, for

altitudes 80-700 km. They seem to be higher than those of the curves

in FigureIIL2-1 by a factor of 10. The ranges indicated in Figure111-2-1

at 400 km are the data quoted in Kallman-Bijl, et al, 14 and. also

lie mostly above the curves. Densities at great altitudes are inferred

from satellite observations. It is known that there is a strong cor-

relation between density and 10-cm (or 20-cm) solar electromagnetic

radiation; semi-annual and diurnal variations are well-documented. It

is now customary to normalize density measurements against these effects;

for example, it is assumed that density is proportional to the energy of

10-cm solar radiation, and the normalized value of the latter is taken

to be 220 x 10 -22 watts m-2 cycle -1 sec -1 by H. K. Paetzold [14, p. 81].

Experimental Methods

The temperature of a satellite in space is not determined by the

kinetic temperature of the environment, but by the radiative heat _ains

and losses. (See p. III-6.2.)

Atmospheric parameters are based on the following measurements.

(a) The drag of the atmosphere on a satellite has been

measured at great altitudes. The drag is not uniform
in time (even at a fixed altitude), and its nature

is uncertain; some workers claim that at very great

altitudes a metallic satellite becomes electrically

charged and attracts a cloud of ions around itself.
This cloud increases the effective area the satellite

presents to the braking effect of the atmosphere
through which it passes.

There is fairly uniform agreement among physicists as

to the drag mechanism and the importance of the ion-

cloud effect. It is fair to note that this agreement

amouats to a (probably correct) physical assumption,

which has not been confirmed experimentally. Existence

of charged particles (ions) at great altitudes has been

confirmed in satellite experiments, which have also

measured the proportion of some molecular species.

)

)



(b) At very low altitudes (less than 30 miles), sensors in

balloons have established molecular composition, pressure,

density, and temperature by direct measurement.

(c) At intermediate altitudes (20-200 miles), rocket-borne

equipment has taken soundings of pressure, and sampled

the environment in bottles. In general, it has been

rather difficult to correlate these soundings with the

perturbations of satellite orbits at the same altitude.

satellite must fly above about 62 m£. to remain in

orbit for any length of time.

(d) Direct measurement of temperature at altitudes above

30-50 miles with a temperature sensor is difficult

because of the long response time and weight of most

sensors,

Finally, it should be remarked that values of density derived from

drag measurements are most useful for estimating expected drag, and

probably somewhat less useful for estimating totally unrelated phenomena,

such as rate of diffusion. The reason for this is that a certain amount

of analysis involving physical assumptions necessarily intervenes in

any data reduction process. (In using observed drag to compute density,

the assumption is made that density in the neighborhood of perigee is

orders of magnitude greater than density at apogee. Moreover, the

density gradient is assumed to be exponential. On the other hand, rate

of diffusion is governed by number of particles, i.e. by degree of

dissociation of the molecules, which is difficult to estimate from drag

observations.)

Besides pressure, density, molecular weight, acceleration of gravity,

and temperature, certain other properties of the space environment must

be considered in designing pressurized gas systems.



Table _II-2-I

ATMOSPXERIC PARAMETERS VERSUS ALTITUDE

-3
f_,mlt}.-_Jn, r cm. Pre*eure-d_,91 ¢m. °3 Ik_leculsr Wit. _ul" ell l

tl_nt 8otRs" Solsr X. I_ ._. 8oltr Joist K. & J. 8olsr 8olsr Ilolllr 2o18r

Km _x. MI,. Model A liix. Idln. Idod.Jl A Iktx. Illn. Max. 8_n.

Ao_ol, ot

/,o810 Psrt_XR Orsvity .i ?ei_titure

K. & J. 8o|ir Io|lr

IIk)dl] A MiX, I1_,

14_0 3.82110 -10 2.82X10 "10 6.93X10 -10 1.74X10 -1 1,74110 "1 8,34_1(| "| 37.8 37.8 13.78 13.78

120 2.88x10 "li 1.95X10 "11 6.34X10 -11 3.38110 -2 2.09X10 -3 7,67110 -3 38.1 28,1 11.00 11,65

140 4,68x10 "13 2,88110 "12 1.24X10 -11 1.06110 -2 4.$7110 -3 1.98X10 -3 34,6 34.3 11.00 10.83

160 1,$1110 "12 7.76x10 "13 3.24x10 -12 6.13110 "3 1.86x10 "3 7.38x10 "3 33.? 33,8 10,80 10.33

180 7.78110 -13 3.02110 "13 1.21z10 -12 3.09z10 -3 8.12110 "4 3.04110 -3 23.0 21.2 10.30 2,88

200 4.17x10 -13 1.48x10 "13 6.91110 -13 1.95 x10 -3 5.01x10 -4 2.0iSzlO -2 23.0 30.5 IO.Oe 8.05

230 2.69x10 °13 7,76x10 "14 3.22x10 -13 1.20x10 -3 2.82x10 -4 1,25110 -3 21.2 18.6 2,82 9.37

340 l.?OxlO °13 4.37110 "14 1.29x10 -13 8.51110 -4 i.?8110 -4 ?.98x10 -4 30.8 18,9 2.64 9.16

260 1.13110 "13 3.63x10 "14 1.16110 -13 6.48110 -4 l.lSxlO -4 5.27x10 -4 20.0 12.3 9. S2 1.98

280 7,94110 -14 1.62110 "14 7,28110 -14 4.68x|0 "4 7,$9Z10 "8 3._9z10 "4 19.6 17.9 " 8.3T 8,78

300 5.75x10 "14 1. OSx;O "14 4,84110-14 3.83x10"4 5.13110 "6 2.21110 -4 19.1 17. S 2,26 8.68

330 4.37x10 -14 8.83110 -16 3.37x10 "14 3.68110 "4 3.47z10 -3 1.80110 "4 12.7 17.3 0.12 2,41
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Table 111-2-2

PROPERTIES OF THE A11_OSPHERE (ENGLISH UNITS)

(Ref. 16)

ALTITUDE

Ft x 103

0

5

25

50

100

150

200

250

300

400

500

600

700

800

900

1000

1200

1400

1500

1700

1900

21_0

2300

Miles

0

0.95

4.73

9.47

18.94

28.41

37.88

47.30

56.82

75.76

94.70

113.64

132.58

151.52

170.45

189

227

267

284

322

341

397

435

TEMPERATURE
oR

518.69

500.86

429.64

390.00

418.79

500.11

449. O0

328.20

299.2

923.9

1933.

2478.

2545.

2547.

2551.

2564.

2619

2706

2758

287 3

PRESSURE
lb/ft2

2. 1162 x

1. 7609 x

7.8633 x

2. 4361 x

2. 3085 x

103

103

102

102

10

3.0597 x 10

4.715 x 10 "1

4.364 x 10 .2

2.118 x 10 .3

3.762 x 10 .5

1.036 x

4.908 x

2.592 x

1.438 x

8.294 x

2999

3130

3265

4. 949 x

1. 923 x

8.246 x

5.571 x

2.684 x

1. 376 x

7. 442 x

4.215

10 .5

10 .6

10 -6

10 .6

i0-7

10.7

i0 -7

10 -8

i0"8

i0-8

10 "9

10 .9

10 .9

SPEED OF
SOUND, ft/sec

1116.4

1097.1

1016.1

968.08

1003.2

1096.3

1038.7

888.1

846.5

,.5-7-



Table 111-2-3

PROI'FnTIES OF" TItE ATMOSPttEItE (METRIC [!NITS)

(Bef. 16)

ALTITUDE, Km TEMP., °K PRESSURE, mm Hg SOUNDm.se_ISpEED'

0

I

5

I0

2O

50

70

90

100

110

120

130

140

150

175

200

25O

30O

35O

400

45O

5OO

550

600

650

700

288.16

281.66

255.69

223.26

216.66

282.66

209.59

165.7

199.0

286.7

477.0

664.9

849.9

1031.

1359

1404.

1415.

1423.

1445.

1480.

1525.

1576.

1632.

1691.

1751.

1812

7.6000 x 102

6.7413 x 102

4.0539 x 102

1.9876 x 102

4.1473 x 10

6.5899 x 10 "1

4. 5160 x 10 -2

1.015 x 10 -3

1.604 x 10 -4

3.680 x 10 -5

1. 533 x 10"5

8.632 x I06

5.62? x 10.6

4.001 x 10-6

2. 102 x 10.6

1.222 x 10.6

4.608 x i0"7

1.924 x 10"7

8.729 x 10 -8

4.246 x 10 ,8

2.191 x 10 "8

1.190 x 10 -8

6.751 x 10 -9

3.981 x 10 -9

2.429 x 10 "9

1.528 x 10 -9

340.29

336.43

320.54

299.53

295.07

337.03

290.22

258.00

)



Table 111-2-4

VABIATION OF GASEOUS COMPOSITION WlTd ALTITUDE

(Fief. 6)

ALTITUDE GASEOUS COMPOSITION

Sea level

30 km

200 km

800 km

6500 km

Above 22,000 km

78%N 2, 21% 02 , 0.94% A

N2, O2, A

N2,o, %, o+

O, O+,H

H +, H

85%H +, 15% He ++
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I I I- 3 _EOBOIDS

Meteoroids are solid particles in the solar system which range in

size from 0.1 micron to several feet in diameter, and in weight from

10 "Is grams to many tons with the small meteoroids being more prevalent

than the _arger ones. It is believed that the total meteoric accretion

by earth is 1000 metric tons per day. ]'he velocity of meteoroids is

28 x 103 m/sec (Whipple}; for magnitudes 7 to 20, the average velocity

decreases linearly from 28 × 103 to 15 × 10 a m/sec. Meteoritic particles

smaller than magnitude 30 are presumed to be swept out of the solar

system by radiation pressure. The mass of individual meteoroids decreases

by a factor of 10 -0.4 for each apparent visual magnitude step and the

number increases at the rate of 10 +0.4 for each magnitude step. Thus,

the mass of a meteoroid of magnitude M + 1 is 1/2. 512 times the mass of

magnitude M and the number of magnitude M + 1 is 2.5]2 times the nun, ber

of magnitude M.* Although considerable information regarding meteoroids

near or within tile earth's atmosphere has been gathered, little informa-

tion is currently available regardin_ size-density distributions i. o.ter

space. It is believed, however, that meteoroids are not randomly dis-

tributed in space (results of Mariner-II Venus flight) but that they are

concentrated in orbits around the sun that intersect tile earth's orbit.

'File observed velocities of meteoroids on collision with the earth's

atmosphere range from 10 to 80 km/sec. Space vehicles are also subjected

to meteoroid bombardment; from 4 to ll x 10 -4 impacts/sec/cm 2 to less

than 10 "a impacts/sec/cm 2 have been registered by meteoroid sensors on

satellites. A meteoroid with a dia,,eter as large or larger than the

thickness of a space vehicle's shell, or with a n, ass equal to or greater

than tile mass of tile shell, will penetrate with a clean hole, and tile

greater part of the initial momentum will be retained by the meteoroid

as it passes through the shell. Meteoroids with diameters of from 10 to

20 percent of tile shell thickness will just penetrate, or nearly penetrate;

a crater wi[] l,e formed on the impact site and the opposite side of the

shell will sl,ow spoiling.

I A zero masnitude meteoroid is approximately 25 Krams (Whzpple).



The impact of micrometeoroids oil the shell of a space craft will

cause surface craters of microscopic size which gradually erode the

surface. It is estimated that about one percent of the total surface

area of a satellite reasonably close to the earth will be cratered at

the end of one year, 12'13 thus gradually affecting the vehicle's

equilibrium temperature by changing the absorptivity (or emissivity)

of the outer surface.

Calculation of the frequency of penetration of a space vehicle

by meteoroids is, at best, uncertain. Wiederhorn, 13 on the basis of

Bjork's penetration theory, Whipple's frequency estimates, and an average

meteoroid velocity of 70,000 ft/sec, constructed the graph shown in

Figure III-3-1 which indicates the probability of no penetrations per

100 square feet of surface area versus time and wall thickness. The

graph shows that for a propellant storage tank of reasonable volume,

mounted outside a space vehicle, tile required wall thickness for a high

probability of no penetration over a relatively long time period would

be too great to be practical. Hence, various systems of "meteor bumpers"

are being considered as an approach to a light-weight protection system.

When a "bumper" or a double skin is used to afford protection from

meteoroid penetration, incident particles are shattered as they penetrate

the outer skin and then stopped completely by the inner skin. Tests

have shown that a bumper skin at least _-in. away from the inner skin is

effective; either skin may be the load-carrying structure of the space-

craft. The two skins may be proportioned:

To T O

T 1 = T 2 =
12 4

where T 1 and T 2 are the thicknesses of the outer and inner skins,

respectively, and T o is the total thickness required to give the desired

degree of protection (Figure III-3-1). Although aluminum is generally

considered adequate for protective skins, other materials may be

substituted; data given in Table II1-3-1 indicates thickness and weight

trade-offs which result from use of materials other than aluminum.



Table Ill-3- 1

METEOROID BUMPER MATERIALS FOR EQUIVALENT PROTECTION

RELATIVE RELATIVE
MATERIAl, DENSITY THICKNESS WEIGHT

Aluminum

Magnesium

Beryllium

Filament wound plastic

Fused silica

6A1-4V titanium

17-7Ht steel

O.098 I.O0

O.065 i.32

0.066 0.72

O.077 1.61

! O. 079 I.05

O. 160 O.72

O.276 O. 49

1.00

O. 88

O.48

i.24

O.85

1.18

I.38
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III-4 COSMIC RADIATION

Cosmic radiation is the flux of highly energetic particles existing

outside the earth's atmosphere and assumed to permeate interplanetary

and intergalactic space. The nature of the cosmic radiation immediately

outside tile earth's atmosphere depends appreciably upon the geographical

location and direction of observation relative to a vertical on the

earth's surface. The geographical and directional dependence of the

cosmic radiation has been shown to be governed by the interaction of

the earth's magnetic field and the charged particles of the cosmic

radiation. The primary cosmic radiation is extraterrestrial in origin.

Upon arrival of the primary radiation in the vicinity of the earth,

but well outside of its atmosphere, the primary particles follow curved

paths in the terrestrial magnetic field without interacting in any way

with their surroundings. Primary particles which fall closer to the

earth follow practically rectilinear paths and generally interact with

the atoms or ions of the outer fringes of the earth's atmosphere to

produce less energetic secondary cosmic radiation. Thus, the outer

atmosphere of the earth contains a mixture of primary and secondary

radiation of a composition governed chiefly by ambient pressure.

Secondary cosmic radiation is composed of diverse elementary

particles and some nuclei which are heavier than protons. The most

common elementary particles found in secondary cosmic radiation are:

electrons, positrons, photons, mu-mesons, pi-mesons, protons, neutrons,

and neutrinos.

Showers of cosmic radiations are readily observed on the earth's

surface whenever surges of primary cosmic radiations interact with the

upper atmosphere at altitudes between 9 and 22 mi, and the resulting

highly energetic secondary cosmic rays react further to yield

extraordinary amounts of additional secondary radiation.

Galactic cosmic radiation consists primarily of protons and alpha

particles with smaller quantities of heavier elements; the composition

of galactic cosmic radiation reflects heavily tile distribution of atoms

in the universe as indicated in the following table:

-'?i-



APPI_OXIMATF. COMPOSITION OF _IE UNIVERSE
/_NIJ OF COSMIC I_ADIATION

OF ATOMS _ OF ATOMS
ELEMENT IN UNIVERSE IN COSMIC RAYS

C,N,O

Other

90

9.0

0.9

0.1

90

9.0

0.5

0. i

The energy spectrum of cosmic rays is indicated in Figure III-4-1;

it can be seen that the free-space flux of cosmic ray particles is quite

small and of concern only for very long missions in space. Shie!ding

for particles of these very high energies is impractical and there is

likelihood that secondary x-rays and particles produced by shielding

may actually increase damage.

The vertical flux of cosmic particles is a function of the geomagnetic

latitude (see Figure III-4-2).
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III-5 SOLAR EMANATIONS

Solar Winds

The sun issues a continuous stream of particles from its surface

which extends far beyond the earth. These particles have an average

velocity of 500 km/sec and an equivalent kinetic temperature of the

order of 2 x 106°K. The concentration of particles at 1 earth distance

from the sun varies widely as a function of solar activity; generally,

however, the concentration is of the order of 10-100 particles/cc.

Solar Flares

When great storms erupt on the surface of the sun, solar winds

increase dramatically. A solar flare can create an average'energy and

particle density many times greater than the normal, continuous radiation

from the sun's corona and photosphere. The highest energy particles

released by a flare (greater than 104 Mev) begin to arrive at the earth

almost instantaneously, followed by particles of lower energy; the

particles continue to arrive at the earth for many hours, and, in

extreme cases, for days after the disappearance of the flare. During

large flares, average fluxes are as high as 104-105 particles/cm2/sec

and, in general, the energy s.pectrum ranges from 30 to 300 Mev. The

frequency of solar flares tends to follow sun-spot activity, and during

periods of high activity, 10-12 flares may occur each year.

Interplanetary Zone

Radiation in the interplanetary zone consists of primary cosmic

radiation from outside our solar system and the primary cosmic radiation

indigenous to solar winds and solar flares. The primary cosmic radiation

originating outside of our solar system is extremely stable and of

exceptionally high energy; the cosmic radiation with solar phenomena

is temporally erratic and of relatively smaller energy. On the other

hand, very large solar flares have occurred in which enormous quantities

of energy are released in tile form of highly relativistic protons;

energetic flares such as these are relatively rare, and only nine have

occurred in the last 20 years. Smaller solar flares may occur as often

as 8 times a day.

75-



Effect of Solar Emanations

Radiation from the sun causes appreciable ionization of the earth's

atmosphere at high altitudes. Because of the low atmospheric density

which exists at high altitudes, recombination of ions and electrons

proceeds so slowly that concentrations of electrons persist even

throughout tbenight. The electron density varies with the eleven-year

solar cycle, and is generally higher during sunspot maximum.

During the day, five distinct layers are recognized, the D, E, F,

F2, and protonosphere. The graph shown in Figure I_-5-1 (from Johnson 7)

identifies the regions and shows a typical daytime distribution of

electrons as a function of altitude.

The shape and strength of the earth's magnetic field determines

the extent to which charged particles from solar eminences (or from

interaction of cosmic rays with tile very outer fringes of the earth's

atmosphere) are trapped and maintained in the earth's vicinity. The

earth's geomagnetic axis is tilted about 11.5 degrees with respect to

the axis of rotation of the earth, and it is therefore necessary to

make allowances for this difference when making estimations of the

radiation encountered in a trajectory or orbit. The general shape of

the envelope of trai_ped particles around the earth is indicated in

Figure II_5-2, where it can be seen that the particles are concentrated

in an inner and an outer belt (Van Allen belts). The inner belt has a

maximum intensity about 2000 miles above the ground at low latitudes;

the maximum for the outer belt is at about 10,000 miles and extends

to much lower heights at high altitudes.

The Inner Belt

Prior to tile high altitude nuclear test bomb blast of July 9, 1962

above Johnston Island (Pacific Ocean), the inner belt was characterized

as being co,lposed essentially of protons; at present, there exist a

large number of fission electrons of a peak omnidirectional intensity

of tile order of 109 cm'2sec "1 at an altitude of 1300 to 5500 km. The

electrons have energies of the order of 5 to 7 Mev and approximately

half have energies below one Mev. Measurements of the temporal decay

of the fission electrons indicate a surprisingly low decay rate and

it is expected that the artificial belt may last as long as 10 years.

)



Isointens:ity contours of the artificial electron belt are shown in

Figure _II-5-3.

Proton isointensity contours for particles of energy greater than

40 Mev are also shown in Figure III-5-3. The intensity contours in the

inner radiation zone s}:ow small variations, generally less than about

33, owing to arrivals of particles from solar storms. On the otber hand,

the earth's geomagnetic field acts as an excellent shield, for it excludes

protons of energies less than about 6.8 Bey from the equatorial plane at

altitudes below about 1.25 earth radii. A typical distribution in the

heart of the inner belt may be:

104 protons/cm2/sec E > 40 Mev

1010 electrons/cm2/sec E > 20 Key

108 electrons/cm2/sec E > 200 Key

107 electrons/cm2/sec E > 600 Key

The Outer Belt

The trapped particles in this belt consist principally (i.e., greater

than 100 particles cm'2sec "1) of electrons and protons of energy less

than 10 Mev. Tile outer zone begins at about 2.25 earth radii and extends

to about 10 Be, with the heart located at about 3.6 _. The particle

fluxes in the outer belt is influenced by solar storms, it not being

uncommon to being increased by 10- to 20-fold or more. Magnetic storms

and variations also may cause diurnal variations of two- or three-fold.

Average values for particle fluxes in the heart of the belt are:

protons

protons

electrons

more than 140 Key

more than 100 Mev

more than 500 Key

about 1 × 108 cm'2sec "1

about 10 cm'2sec "1

about 2 × 107 cm'2sec "1
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The distribution of protons in the inner radiation belt is given in theupper part;

theisocontour lines indicate protons cm -2 sec -1. The approximate distribution

of electrons in the artificial belt created by the high altitude nuclear blast of

July 9, 1962 is indicated in the lower part of the diagram; the isointensity
lines are electrons cm -2 sec -1.



I II-6 ELECTROMAGNETIC RADIATION

The spectrum of radiation emanating from the sun ranges from long

radio waves (>1 cm), through infrared, visible and ultraviolet light,

to x-rays (<100 Angstroms). Approximately 99% of the total energy

flux lies within the wavelength region of 0.3 to 4 microns, but only

the energy in the range of about 0.3 to 3 microns can penetrate the

earth's atmosphere. The solar const.ant (irradiation per unit area

normal to the direction of the sun) above the earth's atmosphere is

generally accepted as being about 0.14 watts-cm'2-min'l; Figure 111-6-1

illustrates the difference in the solar constant at sea level and out-

side the atmosphere, and also illustrates the attenuation of radiation

by the earth's atmosphere. The unit of radiation, measured in g-calories

per square centimeter is the langley (ly). Hence, 1 g-cal/cm2/unit time

equals 1 ly/unit time; in engineering units, 1 ly/min = 1 cal/cm2/min =

221.2 Btu/ft2/hr = 698 watts/m 2. The solar constant is 1.95 ly/min.

The amount of solar radiation reflected from a planet's surface

and atmosphere (albedo) must be considered in computations of radiation

incident on spacecraft. The albedo figures can only be considered as

average figures, and estimates have ranged from 0.30 to 0.40 for the

earth; for most heat balance computations, the figure of 0.34 has been

used. The most recent average albedo figures for some other planets

and the moon are as follows: Moon, 0.07; Mars, 0.26; Venus, 0.73;

Jupiter, 0.44.

The amount of thermal radiation emitted from the earth (wave-lengths

longer than 4 microns) also enters into computations for heat balance

of a spacecraft in near-earth orbit. Figure KI-6-2 illustrates a typical

spectral-radiance curve for thermal radiatio, leaving the earth (from

Johnson, Bef. 8); it is emphasized that this curve is only illustrative,

since many variables enter into the problem.

The major effect of the electromagnetic radiation upon a propellant

and its storage system is produced by the absorption of radiation which

is transmitted as a heat input to the propellant. In the case of cryo-

genic propellants, heavy insulation and a venting system are required to

minimize evaporation of the propellant and tank rupture.



In the case of storable propellants in unvented tanks, an equilibrium

temperature will be reached where the rate of heat absorption will equal

the rate of energy emitted from the surface of the storage tank.

For a tank that is tumbling in space and exposed to direct radiation,

this temperature is equal to:

7 = 3.3 x 10 2 [A • a • S/e] ¼

where

A r = ratio of average cross-sectional area to
total surface area.

a = the average absorptivity of the surface of solar
radiation.

S - solar constant in calories/cm2/min

e = emissivity of the surface corresponding to the
temperature of the surface.

For a tank that is oriented in space, a complex temperature gradient

would be established throughout the tank's surface and its content.

However, it has been pointed out 13 that in either case the equilibrium

temperature is sensibly determined by the ratio of d/e, and this ratio

can be controlled within reasonable limits, i.e., within the range of

a/e from 0.15 to 20, through selection of the surface coatings.

Since a/e is determined solely by the properties of the surface,

the stability of the surface to space environment is of importance.

For example, radiation in the ultraviolet region will degrade organic

paints and discolor inorganic material thus changing the ratio of a/e

with time. It has also been observed that for materials with low values

of a/e, the ratio tends to increase with time when exposed to an ultra-

violet source. Thus one could expect the average temperature of a tank

and its propellant to increase with time.

Additional information on the equilibrium temperatures of spacecrafts

is Riven in Section XIII,Heat Balance.

)
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III-7 MAGNETIC FIELDS

Like the earth, the sun is known to have a magnetic field, and it

is speculated that the sun's magnetic field is dipolar similar to the

earth's. The origin of these magnetic fields is unknown although it is

commonly thought that the earth's field is the result of the dynamic

action of its molten metallic core. The fact that Venus apparently has

no magnetic field and is probably not rotating lends support to this

hypothesis; Venus should have an appreciable core. With the exception

of Jupiter, nothing is known concerning the existence of magnetic fields

around the other planets. Becent observations of radio emissions from

Jupiter suggest that it has an ionosphere and a field with an intensity

of about 2 gauss; the intensity of the earth's field ranges from 0.5 to

0.7 gauss at its surface. The best judgment at the present time is that

the superior planets have magnetic fields of intermediate intensity.

Magnetic fields do not directly affect the storage of propellants

in space. However, they do affect the collection and motion of charged

particles; a planet without a magnetic field can not have a Van Allen

radiation belt, since cosmic particles would not be bound in quasi-

periodic orbits. Also, a metallic satellite orbiting a planet that

possesses a magnetic field would be subject to attitude perturbing

torques, and thus might need an elaborate attitude control system.



I II-8 EFFECTS OF SPACE ENVIRONMENT ON MATERIALS

One of the major problems in the design of spacecraft systems is

the requirement that the materials of construction withstand and perform

in the space environment, i.e., at zero gravity in a high vacuum

simultaneously with ultraviolet and penetrating charged-particle radia-

tions. Much experimental and theoretical work has been performed in

an effort to determine the effects of the space environment because it

is impossible, at this time, to simulate accurately the combination of

conditions known to exist in space.

It is particularly difficult to simulate the charged-particle

radiation of the space environment first because the particle distribu-

tion is not accurately known, and second because the energy spectrum

(raoging from a few electron volts to as much as 10 billion electron

volts) is not easily accessible. Thus, all laboratory values relating

to the beha-ior of materials in a space environment can only be regarded

as approximate at this time; it is anticipated that future space stations

will provide facilities for testing of materials in the true environment.

Vacuum

The low pressure encountered in space is conducive to the loss of

materials of construction by sublimation (or evaporation) because molecules

which leave the surface of materials are not returned by collisions with

ambient gas molecules. Thus, above altitudes of about 100 miles, the

mean free path of a molecule at ambient temperatures is so long in com-

parison with the size of the spacecraft that any molecule which leaves

the surface will not return. Loss of material by sublimation in the

vacuum of space is intuitively obvious, but the effect of very high

vacuum on the rupture and fatigue properties of materials is unexpected;

however, experiments have indicated 17'_ that the density of the gas sur-

rounding a material is an important parameter defining its behavior under

stress. Apparently, the character of the gas layer adsorbed on materials

influences certain mechanical properties. Thus, prolonged exposure of

materials to a space environment will alter or remove adsorbed



gas layers and someof the physical properties of the materials in

space will be different than on earth.

The removal of material from a spacecraft structure will obviously

lead to an over-all weakening of members. The weakening of a member can

be simply computed by knowledge of the mass-strength relationship. Where

gross sublimation of a material is involved, tests made before and after

exposure of specimens to a vacuum will furnish experimental values.

Ideally, the tests should be performed in an atmosphere closely resembling

the space environment; however, for practical evaluation of the effects

of sublimation, the most important condition to be met is that a molecule

leaving the surface of the test piece has a negligible chance of returning.

The test chamber for evaluating the effects of sublimations on a

material must provide the following:

(I) A residual pressure low enough so that the mean free path

of molecules is long with respect to chamber dimensions.
For the residual-gas molecules in the chamber, the mean

free path at 1 x 10 "s mm of Hg is of the order of several

meters and thus, by maintaining a vacuum of at least this

order of magnitude, the motion of molecules leaving the

surface of the test piece is governed essentially by their
collisions with the walls of the chamber and not by

collisions with residual-gas molecules.

A high probability that molecules leaving the test piece
will be removed from the chamber rather than returned to

the surface of the test piece. This can be accomplished

when the cross-sectional area of the pumping duct is large

in comparison with the exposed area of the test piece and

when both the test piece and the pumping duct can be freely

exposed to the chamber. For testing materials, such as

metal, which condense readily at ambient temperature, this

condition is easily met because molecules leaving the test

piece will condense on the chamber walls; however, when

polymeric materials are to be tested, elaborate precautions
must be taken to ensure removal of released substances.

Baffles maintained as liquid nitrogen temperatures are
ofen employed to condense organic matter and cooled baffles

must always be employed in pump throats to prevent back-

streaming of pump-fluid vapors.

)

The rate of evaporation of an ideal, pure substance is given by

Langmuir's equationl_



where

and

E is rate in g-sec'l-cm "2 of exposed surface,

M is the molecular weight of the material,

P is the equilibrium vapor pressure in mm of Hg,

7 is the absolute temperature,°K.

Comparison of predictions from the above equation with experimental

data indicate that the Langmuir equation is conservative; thus, the

equation must he employed cautiously. Further, it is necessary to

recognize that its use to predict vacuum volatility is limited by the

following:

(1)

(2)

(3)

(4)

(s)

The vapor pressure, P, in the equation is the equilibrium

pressure. In the space environment, molecules which leave

the surface of the liquid or solid phase do not return, and

thus equilibrium is not established,

Tile molecular weight of the evaporating molecules must be

known; for most materials, this molecular weight is frequently
different than assumed (association).

Oxide films or thin coatings may act as barriers to the

escape of molecules.

In practice, most materials are complex mixtures (alloys

or polymers) which defy simple treatment. The average,

assumed molecular weight of a system can not be used in

tile equation.

The process of evaporation for systems of practical interest

is very different from the purely random process assigned
to ideal systems. For example, evaporation from localized

planes of high surface energy is much greater than from

planes of low energy; this leads to uneven evaporation,

and etching of the surface becomes evident.

As is evident from the above discussion, the Langmuir equation is

limited to approximations of evaporation rates in a space environment;

it is useful in that it assists in the selection of appropriate materials

of construction for spacecraft. For example, the equation indicates that

every substance has a rate of evaporation in free space as long as the

ahso]ute temperature is not zero. Thus, at a given temperature, say

25°C, one should select materials which exhibit very low vapor pressures;



obviously, the usual metals of construction (iro,,, opper, etc.) can

qualify, but there is some question about the lighter metals such as

cadmium, magnesium, aluminum, etc, Table II_8-1 illustrates the estimated

sublimation losses suffered by metals in a apace environment at a

temperature of 150°C; it is evident that cadmium and zinc do not appear

to be useful metals for the construction of spacecrafts or components

which are exposed to the high vacuum of space. Pure magnesium metal

barely qualifies for the construction of spacecrafts; however, the

alloys of magnesium which are currently used show considerably lower

losses because the surface presented to the space environment acts as

a }arrier for sublimation (oxide-chromate conversion coatings, etc.).

It is of interest to note that thin films of lead (as in soldered joints)

may be weakened by prolonged exposure to the space environment. On the

other hand, a thin coating of pure tin will act as an efficient barrier

for sublimation of other materials.

The sublimation of materials from polymers or resinous matter is a

complex phenomenon not expressible in the ideal case by a simple formula

such as the Langmuir equation. This comes about because these materials

contain a variety of ingredients; the basic polymer structure is usually

composed of a distribution of nonvolatile molecules composed of a range

of numbers of repetitive units but there are generally present various

substances of relatively low vapor pressure which are added deliberately

to modify properties (e.g., plasticizers).

)

Since tile composition of plastic or polymeric materials of the

type used in the construction of spacecrafts are not divulged in detail

by commercial suppliers, and since it is impractical to approximate

sublimation rates from theoretical considerations, experiments are neces-

sary to determine the effect of exposure to the simulated vacuum of

space. As a consequence there appear interspersed throughout the

available literature results of various tests performed largely to

determine the su!limation losses of typical polymeric material and, in

some instances, the effect of these losses on physical properties.

For tile most part, the sublimation loss suffered by polymeric

materials is found by determining the loss in weight incurred over a

period of time after exposure at a given temperature to a vacuum of at

least ] x 10 -6 mm of Hg. The results obtained are thus largely determined

by factors such as tile geometry of the test specimen, the temperature,



the mobility of the easily volatile components within the specimen, the

pressure of residual gas in the test system, etc. Further_ore, since

the generic structure of most polymeric materials has a very low vapor

pressure, only low-molecular weight material is removed by sublimation

(especially if the polymer is cross-linked). Thus, it is meaningless

to extrapolate the observed weight loss to make estimates of the "life"

of a polymeric substance in space (as can be done for pure metals). On

the other hand, if a material suffers a loss of 5-10% after exposure

for 100 hours at a temperature of not more than 125°C, it may be assumed

that the physical properties are so altered by this loss that the

material should not be used for Construction of spacecrafts. But even

in these instances, an actual check on the physical properties is

necessary before the material is summarily rejected, qhe irregular

behavior of polymers and the necessity for long exposure time indicates

that published results must be examined carefully for validity.

Yumerous tables of values for the outgassing rates of various

polymeric substances are available and are useful for determining the

type of materials to be used for construction of vacuum systems. It

is to be emphasized, however, that a high outgassing rate should not be

used as a criterion for rejecting materials for use in spacecrafts

(see Table III-8-2).

The physical properties of most polymeric materials suitable for

space use seldom change more than 10% on exposure to vacuum at tempera-

tures less than 125°C. For the most part, physical property tests have

been performed on samples "before" and "after" exposure; it is only

recently that a limited number of results have been obtained for tests

performed tn vacuo. The results obtained in situ supposedly reveal the

effect of an adsorbed gas layer on the mechanical properties of the

material. It is not possible at this time to predict what kind of gas

film will form on a material in space, and it is probably even more

difficult to provide a synthetic environment on earth that will deposit

the required gas film. As a consequence, and largely because all of

the test equipment employed thus far for in situ polymer testing are

notoriously poor in design (from the viewpoint of control of adherent

gas films) it is recommended that published results be regarded with

skepticism.



Table 111-8-1

ESTIMATED SUBLIMATION LOSSES OF METALS IN SPACE AT 150°C

METAL

Aluminum

Cadmium

Copper

Iron

Lead

Magnesium

Tin

Zinc

RATE OF

EVAPORATION

(S/cm-2-,ec-l)

1 x 10 "14

I x 10 -6

1 x lO "19

1 x 10 -20

1 x 10 "10

5 x I0 "10

5 x 10 "13

1 x lO "7

PERCENT LOSS IN ONE YEAR FOR INITIAL THICKNESS OF

0.2 0. I

5 x I0"s

100%

negligible

negligible

0. i0

3.5

8.5 x 10 -4

100%

0.055

1.8

4.3 x 10 .4

METAL IN INCHES

0.05

1 x 10 .4

0.20

7.0

1.7 x 10 .3

0.01

5 x 10 .4

lb.

1.0

35

8.5 x 10 .3

t "

Table III-8-2

TYPICAL OUTGASSING RATES FOR MATERIALS

MATERIAL

Aluminum

Stainless steel

Silver

Steatite

lligh vacuum waxes

Polyethylene

Nylon

Methacr¥1ates

Teflon

OUTGASSING R_?E,
liter-mm-aer" -cm -2

AFTER INITIAL

EVACUATION

I0"6

10.6

10"6

10.7

10 -7

10.6

i0-5

10.5

10-6

1 Hour 8 Hour.

10"8

lO-e

lO -8

10"8

10-8

10 .7

10"6

10 -6

10"8

)
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Radiation

Intense nuclear radiations alter properties of solid materials so

profoundly that extensive studies have been required to establish the

behavior of engineering materials in piles or in the vicinity of reactors.

The interaction of radiation with matter leads to the production of

ionization effects, vacancies and interstitial atoms, thermal spikes,

displacement spikes, impurity atoms, etc. Depending on the type of

material subjected to radiation, any or several of these interactions

will define the response of the material. Metals are very sensitive to

vacancies, interstitial atoms, etc., while the behavior of organic

materials can best be explained as the results of ionization effects.

The ionization and electronic excitation produced by passage of

charged particles through organic matter generally results in the

rupture of bonds, formation of free radical, luminescence, and even

coloration. The greater part of the energy of the incident radiation

is discharged in organic material by ionization mechanisms; thus, as

a general rule, the gross radiation damage produced in an organic

substance is proportional to the energy absorbed. The semiconductor

properties of organic substances are extremely sensitive to radiation-

induced displaced atoms, and it is incorrect in these (or similar)

instances to assess damage by total energy absorption.

When radiation damage can be assessed by energy absorption, the

radiation tolerance is expressed in energy units, typically as ergs per

gram, although it is also common to indicate the radiation environment

in r units (Roentgens). The relationship is, approximately, 1 r =

87 ergs/g in air. Most tests of the radiation resistance of polymers

have been performed in air; consequently, the values imply that the

degradation mechanisms include the reaction of ionized air molecules

with the basic organic structure. Some tests have been performed in

vacuum; in these instances, it is necessary to examine the experimental

technique in order to ascertain that the specimens were thoroughly

outgassed (very difficult to achieve in thick sections).

Various estimates have been made of the radiation dose rates

encountered by spacecrafts in various types of near-earth orbits established

in the hearts of the inner or outer zones of radiation2_ The following

table summarizes the typical dosages:



Table 111-8-3
ESTIMATED MAXIMUM_ADIATION DOSAGES FOB VABIOUS ORBITS

i

I Oih_lT

f
T
1 Polar

I Polar

I
I Equatorial
I

I Equatorial

APPHOX.

PEBIOD

3 hr

12 hr

3 hr

12 hr

0

MAX. PARTICLES/cm'/
PAy

Electrons Protons

109

.°

1010

m

Electrons

lO5

lO5

lO6

lO5
i

1013

1013

1014

1013

MAX. DOSAGE, rsd/day

Protons Total

10 2 I0 5

.. io$

i03 106

"" I 105

3

The values gaven in Table 111-8-3 can easily be converted to more

realistic values for orbits outside the radiation belts by comparisons

with expected particle densities as indicated in Figures _I-5-2 and

II1-5-3. ltowever, since most of the polymers used in spacecrafts begin

to degrade at total radiation dosages of the order of 108 , the data

given in Table 1H-8-3 indicate that spacecraft performance may be

affected in 4 to 12 months if orbits are established in the radiation

belts (provided the polymers are exposed). Fortunately, the mere

interposition of a thin metal shield significantly decreases the dele-

terious effects of the particles of the radiation belts. For example,

the total dosage of a maximum of 106 rad per day indicated in Table 111-8-3

can be reduced about a thousand-fold with 50-mil aluminum shielding.

The various elements of the ionizing radiation environment can have

a number of reactions with a propellant and its storage system. Liquid

propellant losses during space flights may occur because of the following

possible effects: 13

A change in absorptivity and emissivity of outer metallic

or metal oxide surfaces due to sputtering.

Radiation embrittlement of metals due to dislocations.

Embrittlement of structural materials due to radiation-

induced dissociation of hydrogen and diffusion of tile

hydrogen atoms into metals with the formation of

hydrides.

Pesorption of gases absorbed in multi-layer radiation

shielding thereby changing the gas pressure within tile

shielding.

[)



Formation of ozone in liquid oxygen, or oxides on the

inside tank walls.

Decomposition of hydrazine and UDMH.

On the basis of the best estimates available regarding the flux and

energy spectrum of radiation in space, including an average input of

solar flares, Wiederhorn 13states that the total dosage received by a

propellant in a stainless steel tank with a wall thickness of 50 mils

would be of the order of a few rads per hour in the center of the inner

Van Allen belt; it is stated that this dosage rate is so low that the

effects listed above are all negligible.
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_' IV-i ZEIIO GRAVITY CONSIDERATIONS

Introduction

The state of apparent weightlessness, called zero-gravity, is ex-

perienced by matter within space vehicles when moving solely under action

of gravitation as in "free fall" or in orbit around Earth. Actually,

the term "zero gravity" is a misnomer because the effects attributed

to weightlessness are due to the vehicle and its contents experiencing

the same gravitational acceleration, which varies widely but is never

zero; it is the acceleration of the contents that is zero with respect

to the confining vehicle. Hence, it is more appropriate to use tl;e

term "zero-g" to describe the state of weightlessness commonly associated

with space flight.

In zero-g state, the vehicle and its contents both "fall" at the

same rate. Thus, there is no "up" or "down" even though every body

within the spacecraft and the craft itself },as mass but does not exert

any weight forces on its environment. As a consequence, fluids exert

no hydrostatic head; buoyancy, convection, and other "natural" phenomena

depending on weight or density differences are not observable.

Of the many engineering problems associated with the handling of

fluids in zero-g, the only ones of major interest to the engineer con-

cerned with pressurized gas systems are:

(1) The [ocationof the bulk of the liquid contained in a tank.

(2) Methods for separating liquid and gaseous phases.

(3) Effects of temperature gradients.

(4) Liquid behavior in capillary or permeal, le-membrane systems.

The spatial configurat, ion of loosely-contained ]iquids at. a uiven

time it: zero-,, is a function of many things, amont: which are: the shape

of the ,:ont. ainer, liquid-lo-volume rati,,, interf;lcial energies, mechanical

disturbances, heal. transfer, and minor residual forces such as atmospheric

drag or even thrusts from the altitude-control system.

OF POOR QUALIFY



Forces on Liquids at 2_ero-G

The orienting forces on a liquid in an orbiting tank include the

following:

(a) Gravitational force between liquid and tank-vehicle system

(b) Aerodynamic drag forces

(c) Centrifugal forces due to vehicle spin

(d) Electric field forces

(e) Magnetic field forces

(f) Inertial forces due to mass and motion of the liquid

(g) Viscous forces within the liquid

(h) Cobesive forces; wetting at liquid-solid interfaces

Most of these forces can be combined as ratios to express recoi-
l

nizable, nondimensional parameters:

inertial force pVL
= _ (Reynolds number, P )

viscous force U

inertial force

compressibility force

pV 2
= ((:aucby number, C = M2a)

E °

(M = math number)
°

(I)

(2)

inertial force

cohcsive for_e

pV2L
(Vcl,er nllml,er, W )

@
(3)

inertial force

gravitational force

I,.2

= gL (Froude number, /_r )
(4)

gravitational force

cohesive force

viscoun force

cohesive force

pL 2 t-"
= (Bond number, N 0)

Cr
(5)

(6)

- I( 0-



viscous force Vu. F

gravitational force gpL 2 R
(7)

centrifugal force V2

gravitational force Rg
(8)

where

L

B =

V =

g -_

p =

/x =

F, =

O =

characteristic length

radius of curvature

velocity of flow

gravitationaL acceleration

dens i ty

viscosity

bulk elasticity

liquid-gas interfacial tension.

It is of interest to ascertain the value of these nondimensional

ratios as gravity is reduced to zero; obviously the Froude number

increases to infinity and the Bond number to zero. Fluid motion is

defined by the l_eynolds number, VCeber number, Mach number, and cohesive

forces at all values of g. _,'etting at all values of g is determined by

the interaction of cohesive and adhesive forces, and since they do not

act in the same direction, their net effect is the result of their

vectorial combination. Under zero-g, cohesion and adhesion vectors are

to be combined with inertial, viscous, and comprcssil,ilit 3, vectors.

When a liquid is at rest or moving at very low velocities, the adhesive

and cohesive forces predominate; inertial forces predominate at reasonably

high values of Reynolds anti _'eher numbers.

The predominant external force acting on a liquid in zero-g is the

vector force resulting from aerodynamic drag. Even at altitudes as

high as 300 miles, the forct- is sufficient t.o insure that the liquid

(at cquilibri,,,) will gather at, the forward cud of the tank; the gas-

liquid interfaces will, in greneral, be highly curved as derek.haled by

surface tension forces. 2 At higher altitudes, centripetal acceleration

forces the liquid to opposite ends of the confining vessel.



Although not a force, heat input, such as may arise from the

absorption of solar energy, leads to thermal gradients within a liquid

bulk at zero-g and inevitably causes transfer of liquid from warmer to

colder sections of the container by successive vaporization and con-

densation. The net effect is thus a mass and heat transfer which

upsets equilibrium tendencies that are established I,y balancing of the

forces described above.

Convection is absent in z_ro-g; I,_nce, a .significant heat transfer

mechanism is not active. As a result, and because vapor bubbles tend to

cling to heated surfaces at zero-g, burnout of heating elements is

possible, l'urthermore, there is a finite possibility that cohesive

forces which normally tend to make wetting liquids at zero-g gather

in some symmetrical shape about the walls of their containers (t, tde

infra) are prevented from coming into play by an interceding vapor

barrier generated by a heated container wall.

The equilibrium spatial configuration of liquids loosely confined

in tanks at zer,J-g is essentially the result of the interplay of

adhesive and cohesive forces, and requires time for establishment.

When a fluid is displaced from equilibrium, the surface tension forces

tend to restore the equilibrium spatial configuration, but an over-

shooting usually occurs and the configuration cannot be restored until

the surface free energy in excess of that energy existing at equilibrium

is dissioated (eenerallv bv conversion to heat). The time rpclnir_ct far

attainment of equilibrium is not only a function of fluid parameters

(like viscosity) and the magnitude of tile dist.nrhance but also the size

r_f the container and tile mass of l.be fluid, qhe mass of the fluid to

be placard in the equilil:rim, position increases as tile cube of tile tank

radius while the surface free energy increases only as the square ¢_f

the radius.

The spreadin;y coefficient grlver,is the wetting of a solid bv a liquid:

S = )"'-:v - 3'.,#. - '_1 _ = -_b (9)

-)

'1'I,,' at,_lv_' V,luation al_o i,,di,:,t_.s tl,at the, Sl,rea,li,Lg coel'fi,:ient

is ac'tqJally I'.,*' n,.::ativc Villlle _)_' I I,It_ t'l'(_e eller!sv Cl:all_ "_ for' the process

oh' spreading liquid over the solid, and that it is positive far liquid-

_(,|id syst,'l_,s i,, .vhi,'!_ ._l,V_':,,lin_. is _l,(_ntaner_u._. '..h,'n ._ i:_ nt._:i, tive.,



Y(,ung's equation defines the contact angle:

T.sv = ")'Sl. + ")It v cos _, (I0)

Liquids in contact with solids which have relatively high surface free

energies generally exhi!lit small or zero co,;tact an_les; t.e., for these

systems Youn_'s equation becomes:

> (II)
T sv = _'st. + _)'tv

and it follows that spreading occurs readily. Most liquid propellants

used in rocketry exhibit zero contact anvles on all metals 3 and ceramic

or inorganic _l.ssy solids, and it follows that propellants will wet

tank wails in zero-g an(i that adhesive forces will take part in the

establishment of an equilibrium sl, at ial confignration.

Tile (:entral Vapor Bul,ble 4

Consider a tank containing a mass of liquid located at its center

and not in contacL with the sides. The liquid will !,ave a convex

surface; actually, tile liquid mass will be contained in the fort, of a

sphere, its shape entirely independent of the shape of the tank. Under

these conditio.s, tile iuside at'ca of the tan!_ will be greater than the

area of the surface of the centrally-located mass of liquid (see

Figure IV- l ) :

A > A (12)
t d

Now, consider a tauk ir, which the same mass of liquid is distributed

unifort,,ly over its internal surface area and that tile layer of liquid is

thick enough so tl,at the l i,l. id-vul)or interface is not infl.enced by

the wall materiul. The change in the interfacial free enertzy in going

from the free-floati,ltr mass ()f liquid surrounded l,v vapor to a volume of

vapor surronndcd hy liquid is:

._.b" _ f_t/l t , yL._A ' 4 ,r v(A_, .-.la)
(j:_)

If Ak" is I,¢,,:_lt. iv_', tht',l tl,,_ _',_llli;',,ral io,i in which t.b(, liq,,id in (:ootact

with tile tank wa_ll.s is favor,.d. Ih_lrl_l,l.:in_, tll_ , abov," equation to give:

ORIGINAL PAG_ IS

OF POOR QUALITY



and recognizing (Figure IV-l) that

_'Lv(Ab - A a) (14)

3

it follows that

> A - A (15)At b d

or that

- < _'t V,_tAF ._ 7s_ t _Ls A (16)

_" < A,(-Ysv + "YLs + TLv) (17)

Now. referring to Young's equation [Equation (11)], if the equal sign

is assumed, then the q,lantity in parentheses in Equation (17) is zero

and the free energy is less than zern or negative. If the inequality

is assumed in Young's equation, tl_en the free energy is again less

than the negaLive quantity in the parentheses. Thus, the wet-wall

configuration is preferred over the centrally-located liquid mass.

Vapor Pressure ttelationships

The pressure of vapor in eq,ilibrium with a liq,id whic}: !,as :, fl,,t

surface (ordinary definition of vapor pressure) is different from that

in equilibrium with a curved surface. For curvatures of radius of the

order of millimeters or larger, the differe,lces in pressure are very

small but significant. The equilibrium pressure of a curved liquid

surface in comparison with a flat surface is given by the relationship:

lit I,L P/'I'o = _'l'(r_ l + r; j ) (18)

where V is the molar volume of the liquid and P0 is the vapor pressure

over the flat s,rface. The prezs,res on the two sides of a c,rved

surface are related l)y Llle equation of earillarity:

Pl , Y(rlt

- , .:_,_ _._,_
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where Pt is the pressure of the liquid and P2 is the pressure in the

vapor. As a consequence, a drop of liquid will have a higher internal

hydrostatic pressure than the gas surrounding it and a vapor bubble will

have a higher pressure than the liquid surrounding it.

Figure IV-2 depicts capillary action in a gravitational field for

liquids which wet (contact angle = 0 °) and for liquids which do not wet

(contact angle - 180 °) the material from which the capillary tube is

constructed; only the liquid and its vapor are present. According to

Equation (19) the qualitative relationships of the pressures across the

menisci are:

P6 > Ps (20)

P3 = P4 (21)

P2 > PI (22)

and according to Equation (18) the relative vapor pressures are:

Ps > P3 > P2 (23)

Since only the liquid and its vapor are present, Ps is the ordinary

vapor pressure of the liquid, tlenee, the pressures may be arranged in

decreasing order:

1'6 > Ps > t'4(= Ps ) > P2 > f'l (24)

If the vapor pl, ase is interspersed will, other gases (such as air or

pressurizing gases), the pressures in the system depicted in Figure IV-2

would he increased in an almost uniform increment and the relative order

of the pressures indicated above would remain unchanged. Also, the

system shown in this figure is in equilil,rium even though the pressure

(Ps) is greater over the left meniscus than over the right; the pressure

exists because of menisc,,s curvature and is consistent _ith the gravity

pressure gradient.

In zero-g, tlte conditions depicted in Figure IV-2 are the same and

the pressure relationships given by Eq,tation (24) also hold. Capillarity

ORiGiNAL P,_QE 18
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and effects due to adhesive or cohesive forces will occur in zero-g

and can be used to advantage in spacecraft design.

Film Thickness

Physical adsorption on flat surfaces when more than three or four

monolayers are involved is defined by the Frenkel-ilalsey-|lill equation s

In P/Po = - k/ns (25)

where n is the thickness in monolayers, k is theoretically of the order

of magnitude of unity, 6 and S is a constant (approximately 3).

For a system in which a flat surface covered by an adsorbed film

of liquid is in equilibrium with a concave surface of bulk liquid of

equal radii of curvature, Equation (25) can be combined with Equation (18)

to give:

k
o w

$
n

T(V/RT)(r_ 1 + r2 l) (26)

and since r 1 ffir2,

n = (.kRTr/27V) I/S (27)

-)

When adsorption takes place on a strongly concave surface, the

adsorbed film will be much thicker than given by Equation (27) because,

by derivation of Equation (25), on a concave surface there will be more

of the solid close enough to a given molecule in the film to exert an

appreciable attractive force. However, the radii of curvature in pro-

pellant tanks of the kinds used in pressurized systems generally are

large enough to be considered as flat surfaces, hut some error may be

incurred for smaller radii. Nevertheless, the wet film tl,ickness is

small, as indicated by the following examples:

l"or water at 273°K in a tank of 2 cm radius, the numbe,' of molecule

layers in the wet film is found hy Equation (27):

-4(8.317 x 107)(273)(.2) )L/3n = 2(75.6)(18.02) = 406

- I0<o-



using k _ 4, S -- 3, 5' = 75.6 dyne/cm, V -- 18.02 cclmole, and R ffi 8.317 x

10 t erg/°K/mole.

The thickness of the wet film is computed from the molecular di-
o

ameter, 4.68 A, and is, thus,

O

n • d = 406 4.68 = 1900 A or 190m_

If the water were contained in a tank of about 10 feet in diameter, then

the tank radius is essentially 150 cm, and the thickness of the wet

film would be about 8001n/z. Ilence, the wet film thickness is very small

and tile bulk of tl, e liquid (see Figure IV-3) is for all practical pur-

poses contained on both sides of tile hemispherical boundaries.

Equilibrium Configuration

In a previous section, it was established that tile wet-wall config-

uration for tile equilibrium figure of a mass of liquid within a tank

is preferred over a centrally-located mass. The following considerations

indicate some additional details about t,he nature of tile configuration.

The equilibrium configuration of the centrally-located vapor pocket

is of such shape that the interfacial free energy will be a minimum,

i.e., there will be no ripples or bumps on the li,luid surface and the

surface area will be a minimum. If the tank is spherical or if its

configuration and size will accommodate a sphere, the vapor pocket will

be a sphere. 7

Ileturning to Equation (18), since V, P0' and 5" are constant, the

curvature represented by rll + r21 determines the vapor pressure over

the surface (radii are positive in the liquid and negative in the vapor).

Thus, for equilibrium to be established, the pressure must be uniform

throughoutthe vapor volume and the curvature must be constant for all

surfaces at equilil, riunl.

The first tilree diagrams of Figure IV-3 are consistent will, the

above state,teats, but as the amount of liquid in the tank of Figure IV-3

is reduced, the vapor pocket increases in size and its volume becomes

such that a sphere of tbt..tini.m,n tank diameter cannot s.ffice. I!ence,

tl, e config, ration must become a cylinder with hemispherical ends. If

-I0 -



the ends have a radius r', then the curvature will impose a particular

vapor pressure on the system:

I_T In P/Po = TV[_-r')-I + (-r')-l] = -2/r'7'V (28)

If the cylindrical section were backed by bulk liquid, the vapor pressure

over this s11rface would be greater than that over the hemispherical ends

l 2

I I
r r

but this can not exist at equilibrium. Thus, it is necessary to assume

that the cylindrical section is not backed by bulk liquid but by a film

of such thinness that the attractive force of tile tank material on the

surface molecules of the liquid film reduces the vapor pressure to the

same level as in equilibrium with the hemispherical surfaces. Tile

thickness of the film may be conputed with the aid of Equation (27).

In a tank of tile configuration indicated in Figure IV-3, as more

liquid is removed, tlle hemispherical confining surfaces will recede

toward tile ends of the tank. At any time, however, the central cylindrical

section will have a very thin film-wet surface, and bulk liquid must

define the hemispherical ends of the vapor envelope; this means that

if tile envelope migrates towards one end of the tank, the liquid thickness

between the tank wall and the envelopewill adjust itself to any irregular-

ities in the tank wall in such a way as to maintain an hemispherical

surface.

For most liquids, dT/,17 is negative. Thus, if there were a higher

rate of heat flow through one wall of a tank, the surface tension would

be lower on the warm side. The reduced surface tension would allow the

warm surface to be drawn toward the colder areas. The over-all effect

is a movement of the envelope.

Separation of Liquid and Vapor Phases

Maintaining a discrete liquid phase in a Lank at zero-g is a

difficult task. For tanks containing propellants used in high-level

thrust units (such as rocket engines), the problem is of little concern

because the moment the thrust units are activated by the propellants

remaining in feed lines, sufficient accelerative forces are brought into

b
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play to position the liquid masses in their tanks. Alternatively, small

thrust units may be employed to provide forces for positioning propellants

before the large thrust units are activated. For specialized applications,

such as dumping propellant, special systems have been devised and

successfully applied. 2

The use of bladders, diaphragms, pistons, and other artifacts for

maintaining intact a mass of liquid in zero-g willie permitting pres-

surization has been employed extensively. The most common of tl,ese

systems involve use of diaphragms or bags, but the biggest problems

encountered are the permeabilit_¢ of materials and the extremely corrosive

nature of most rocket propellants. For short-time missions, diaphragms

can be made which are flexible and quite impermeable; however, for

extended missions, permeability must be taken into consideration.

The problem of withdrawing gas or reducing the vapor or gas pressure

in a pressurized system containing a liquid phase at zero-g is exceedingly

complex and has been solved only in limited instances, for example the

rapid-dump system for blowdown or venting of the Agena vehicle. 2 This

problem is particularly vexin_ il. t.lle case of systems for supplying

pressure from liquefied gas; in instances where the systems are to

perform effectively for extre,,_ely long periods of time (such as satellite

attitude control systems), it is especially iml;ortant to insure clean

separati.n of the l'hases. Since most pressurizing systems utilizing a

liquefied gas include diaphragm-type pressure regulators, separation of

phases can be conveniently effected by use of ba:zs or diaphgrams to

contain the liquefied yas, and the liquid phast, is hlcd Lhrou3h t_te

regulator into an expansion c;.aml,er', ;however, for I on,,_ missions, the

permeability of the bag t. both the pressurizing gas and the contained

liquid will eventually lead C(_ ,lifl'usi.n of Like pressurizing gas into

the bag. If pisto._-aa,l-seal-lyl_e systems can i,(: utilizeJ, the greatly

reduced area for per._eability (e.e., an ()-rin_.) will insure a longer

periled of |,erformanct'.
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VAPOR LIQUID

At : AREA OF INNER TANK SURFACE

Ad = AREA OF SURFACE OF DROP

Ab = AREA OF INNER BUBBLE SURFACE

FIG. IV-I DIAGRAM OF CHANGE OF LIQUID FROM A CENTRAL DROP

TO A WALL-WETTING CONFIGURATION

0 ° CONTACT ANGLE h

180 ° CONTACT. I _ I

ANGLE_5 L GAS P3 _;I_

LIQUID I

' IP61. P4 P,I

PI' _'_: PRESSURES BELOW MEMBRANE

_, _, _: PRESSURES ABOVE MEMBRANE

FIG. IV-2 PRESSURES ACROSS CAPILLARY MEMBRANES

_0 ) (_PO_)

(I) (2) (3)

_FILM WET SURFACE

(4)

FIG. IV-3 EQUILIBRIUM CONDITIONS AT ZERO-G FOR A VAPOR

BUBBLE
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V-1 INTRODUCTION

Attitude control is used to stabilize a space vehicle or portions

of the vehicle about a tracking line from a reference on the vehicle to

an external reference. An external reference may be a vertical to a

planet, tile sun or a star, a gravitational or magnetic field, or an im-

aginary line between any two bodies in space.

The accuracy of attitude control depends on the mission of the

vehicle, and for most purposes a limit of +1 degree is sufficient. On

tile other hand, special experiments may require accuracies of 10-20 sec-

onds, and in the case of vehicles bearing telescopes (nAn), about +_0.1 sec

of arc is the minimum acceptable. In general, the over-all system per-

formance is the result of cm, promises in design limitations, available

accuracy within weight allowances, average power available on board, the

vehicle's moment of inertia, and the nature and magnitude of disturbing

torques. The last two factors greatly influence the performance of an

attitude control syste.i, but, unfortunately, they are outside the responsi-

bility of the control system's designer an:] depend upon factors such as the

vehicle's configuration and materials of construction.

There are seven primary sources of torque which must be counteracted

by the attitude-control system; these are: atmospheric drag; gravitational

gradient; solar radiation pressure; m_gnetic fields; micro,neteoroid impact;

movements internal to the vehicle; apparent torques arisinv from rotation

of reference axes.

The methodol-gy utilized in the design of a space-vehicle attitude-

control system generally inw, lves the following:

(a) The operational requirements of the attitude-control

syste._ are det. er._ined I, 3' the operational specifications

of the mission the vehicle is to perform. These speci-

fications will determine system ,:har.cteristics such as

how a('curat._ a (,).trol is rcq,lired, wiiel.her the wh.le

v_hicl4_ ,)r ..ly il part must. I)e stahilized, the portion

of the tva.ioctory or orbit over wl,ich control :,.st be

t, xerci._e,',, tilt. l il,_ti,." of the rontrol systc.i, an,', _vq,.

wh_.Lh{'r ;lily ,.,,Lvol ;,t aJ] is r,_q.ire,l. The ,,'._l.r,,l i_lll;ll

OFdQ_i_i:',L FA(_E iS
OF POOR QUALITY



(b)

(c)

(d)

requirements will also deter,nine some of the restric-

tions to be imposed on the control system, sucl, as

size, weight, and consumption of power.

Tile co-ordinate reference system and the vehicle

reference axes are then selected; suitable deviation

angles between the two are then established, and these

determine the differential equations of motion for the

control system.

The actual design and constructional features are tenta-

tively determined after solution of the differential

equations of motion. At this point, factors to be taken

into consideration include: limitations of size, weight,

and power consumption; internal and external torques

whicll need to be counteracted by the control system;

,nagnitude of the control torques available within size

and weight limitations, etc. Whenever possible, the

system is desi_,ned or programmed to utilize ambient field

torques (such as tile earth's magnetic field or solar ra-

diation) to accomplish or aid in the control function.

At this stage of the design, the control-torque ,,,ec!,_l-

nisms a.d tile se.-_or_ and control-system co,npt, ter scheme

are ,tetermined.

Once the general desi;_n and constructional re-rares of

the control system are determi ned, analytical studies of

the performance o[ the systen, are made. !towever, tile

ana]ysis tends to be complicated because of the non-

linear characteristics o1' the control system and because

there is generally three-axis coupling. Often, simpli-

fyil,_ assumptions are made iu order to .,void intractable

mathe,natics; techniques developed for no.liuear control

theory are often applied.

3
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V-2 TORQUES ACTING ON SPACECRAF'rs

The sources of torque which act on spacecrafts act as disturbances,

but they may be used as sources of energy for control. The determination

of the magnitude of torques acting on a spacecraft and the anticipated

Lime over which they will act establishes the total impulse required to

maintain attitude control. For example, if a 1000-1b satellite in a syn-

chronous orbit is subjected to a continuous force of 10 -5 Ib over two

years because of gravitational gradient (vide infra), abou' 630 lb-sec of

impulse will be required to maintain a geographically-fixed position;

thus the minimum total impulse of the attitude control system (one axis)

is established. For the other axes, assuming that nearly static position-

ing is required (no spin), the natural frequency of oscillation about an

axis must be computed and the on-off time for eacl, attitude-control thrust

generator must be determined as a function of the sensitivity of the at-

titude sensors, thrust levels, etc., in order to obtain the total impulse

required for the mission. The following sections summarize the nature and

magnitude of the torques which affect spacecrafts.

Atmospheric Drag

Aerodynamic drag predominates below 500 miles and is often used for

control by moving surfaces in the slip stream. At 500 miles, typical drag

corresponds to a dynamic prcssurc of about 6 v 10-s dyuc/c,,_ (I.:'..5 "_

10 -9 II,-ft-2); aL 80 Hil_es, it: is a'.)ouc [ dynes'tin 2 (1(.-2 lb_ft-2). T:;e

drag can be calculated on tl,e basis of free molecular flo_, but the compu-

tations are quite complex. If the molecular speed ratio is at least 10,

good approximations (±10% for altitudes below 375 miles) can be made by

assuming Newtonian flow with a drag coefficient of 2. _A'hen aerodyna,.qic

drag is used for control, some for,,, of damping ,,,,at also he employed.

Internal Motions

These torques are unpredictable; they can, however, bc held to low

values by system design. "l'ypic,,l torque_ result from ,mvin_,, va,es, ex-

tonsil, It, booms, amchanisms for winding film, scanning devices, etc.



Gravity Gradient

In general, a spacecraft is accelerated in the direction of the

mass-attraction vertical at its center, but the attraction is essentially

in equilibriu,n with the centrifugal force resulting from the orbital ve-

locity of the vehicle. However, since the earth is not a body of revo-

lution about its poles, it does not have a truly radial and uniform

gravitational vector ; moreover, for vehicles not in an equatorial plane,

a gradient exists which is attributable to a slight dipole distribution

of the earth's mass relative to the equatorial plane. As a consequence,

a space vehicle tends to be rotated about its center of mass by the gravity

gradient across it, and the tendency is to cause an alignment of tile long

axis of an urlsymmetrical vehicle with tile gradient. The earth's oblate-

ness also causes rotation of the vehicle's orbit plane about the earth's

polar axis and oscillation about the line of nodes; it also leads to an

aperiodic rotation of the orbit's major axis and a periodic variation of

its semi-major axis.

The horizontal component of gravitational acceleration that is at-

tributable to the slight dipole distribution of the earth's mass relative

to the equatorial plane may be expressed 1 as follows:

30,([ 2 - ll)
g = - si. 2_'

2r 4

whe re

g * horizontal component, ft/sec 2

C, = universal gravitational constant,

1.068 x 10-9 ft3,/Ib-sec'-'

T - !
2 1 = difference of princi,_al ,,o,,_ents of iuertiu in the

equatorial plane, Ih-ft2

r = orbital radiuz, ft

U = angular position relative to the earth's major

axis in the equatorial plane.

As an example of the magnitude ot this disturbance, a lOOO-lb satel-

lite in a 24-hour orbit (r = 1.38 x I0 a ft) at an angular position O = 7 t_°

and for which 12 - I l = 1.22 × I0 "as Ib-ft 2 is influenced by a component g

o1" about 3. l x 10-7 ft'sec:'; tt_e fort:t: _n t. he satellite is eastward and

:Jbout 10 -5 lb (5 dynes). Ilence, the satellite will drift 20 ° longitudinally

-11-7-
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to the west in about 200 days; since this drift represents the limit of

the western boundary of a typical communication satellite system, this

example gives an idea of the minimum frequency with which adjustments

must be made.

Gravitational accelerations of the sun and moon are much larger

(several magnitudes) than the horizontal component of the earth's field

but they tend to average out (except for a small residual). However,

solar and lunar gravitational perturbations eventually tilt the orbital

plane of a synchronous-orbit satellite relative to the equatorial plane;

the average tilt rate corresponds to about I degree per year.

Magnetic Fields

A magnetic field generates a torque which is perpendicular to the

field; thus, if one of a vehicle's control axes is parallel to the field,

torques are produced about only two of tile axes. The earth's magnetic

field sensibly extends beyond I0,000 miles; it is cyclic in position and

time, and is affected by solar storms. The earth's field is warped and,

thus, the effect on a spacecraft is difficult to predict with any degree

of accuracy. The sun's magnetic field predominates at distances beyond

10,000 miles from the earth; it is extremely random in strength and ori-

entation. Fortunately, disturbing effects from magnetic fields can be

reduced by using nonmagnetic materials for construction of spacecrafts,

avoiding closed conductive loops as much as possible, and eliminating

spin. _agnetic torques as little as 10 dyne-cm can be realized by appro-

priate vehicle design.

Solar hadiation

The photon stream from the sun can also produce torques on the" axes

of a spacecraft, and these torques are particularly significant on asy,n-

metrical vehicles, or vehicles with surface materials of different reflec-

tivities, because the center of pressure will not be aligned with the

center of mass at all angles of incidence. For example, if the center of

pressure is six inches away from tlse center of mass of a medium reflec-

tivity surface 100 ft 2 in _rea, a solar pressure of 1.4. x ]0-71b_ft -: will

exert a torque of about 7 x 10 -6 lb-ft. "['he solar radiation pressure iu

the vicinity of earth is at most 2 x 10 -7 lb. ft -2 :_, naro,iI incidence on a

specularly reflecting surfac, ; it _hoold be possible to desi:.n a space ve],iclc

s_ that the torque attributable to solar radiation is below' about 10 -5 lb-ft.



Meteoroids

Impacts from meteoroids produce the largest impulsive forces on space

vehicles. There is available very little tangible information on the den-

sity of meteoroids in space, but estimates may be used to provide an idea

of the demands on an attitude control system. Mariner II data obtained in

the region between earth and Venus seems to indicate that the concentration

of tiny cosmic particles in deep space is about a ten-thousandth of the

concentration near earth. For example, only one dust particle impact oc-

curred during a 12q-day period of the qariner II mission in deep space,

while as many as 3700 impacts are registered in periods of 500 hours by

satellites in the vicinity of earth.

Tile impact of .leteoroids (especially as a s!,ower or as exceptionally

heavy particles) taay produce torque which can not be offset by the attitude

control system (saturation). _ ,neteoroid may be large enough to p,.'uetrate

the vehicle's skin and damage internal eqnipment us well us pro_luce an

overturning moment.

If it is assumed that tile total meteoric accretion by earth is 10 6 kg

per day and tllat the mass accretion in each magnitude is equal 2 for each

of 30 magnitudes (_ee Section 1II-3 ), the total accretion may be expressed by

affi30 r

x" F

tt_N _" = 31/I/oN _ ffi 10 6 kg
•=0

(1)

,¢.
Since tile mass ,d 0 of' a zero magnitude meteoroi,t is assu:,ed t-! e 25 " 10 -3 kg,

the number, N_, meteorites falling on earth per day is Found by s-lying the

above equation:

N_ ffi 1.3 x 106 (2)

Now, the number of meteorites of magnitude :1t + 1 is 2.512 tiples tlle number

of magnitude !! (see Section IX1.3); thus, tile average ,lumber of meteorite_

failing on the earth in t hours is

)

NOl00'4• t
4'

N - (3)
" 24

)



The number, N, of meteoroids of magnitude a impinging on a vehicle in

the time interval t hours is:

where

and

N_10°'4"t A/_ /N - 24 (4)

_s " effective surface area of the vehicle,

,1_ = surface area of the earth,

rE
'X0 = 1.3 x 106 i,anacts per day (zero magnitude).

The effective area of t!,e vehicle can be expressed as

As \ 2R /.J
(s)

where A is the actual area of the vehicle, R 0 is the radius of the earth,

and .." is the altitude of the vehicle from the center of the earth. Thus,

the number of meteoroids striking a vehicle is a function of the altitude;

at low altitudes, the earth shields tile underside of a vehicle from

meteoroid impacts.

The angular velocity change in degrees per second, U, imparted to a

vehicle by a meteoroid impact of magnitude and mass ,_1, is:

57.3lVIVL
O = (6)

g

where V is the average velocity of a ,,eteoroid (28 x 103 m/sec). L is the

moment arm to the center of mass (_), and I is the vehiclePs inertia,

kg/m 2. 3"tlis equation may be written as

.57.3hfoV1 O- °'4"L
= (7)

1
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by substitution of M= = M010 -°'4• and then transformed to:

KAstL
N = (8)

• CI

by solving it for 10 °'4•, substituting into Equation (4), ano recognizing

tile constant term (57.3qoNoV)/(24A_) = g.

In order to express the angular disturbance as a function of proba-

bility, the raeteoroid distributio, is a_swned to be a Poisson function;

thus, taking N• as the mean, the probability of h hits on a vehicle in t

time is

P = Nh.exp (-._I)./h! (9)

and the probability of no hits is

Pd = exp (-N=) (10)

while the probability of the vehicle being hit one or more times, PI÷'

plus the probability of no hit is obviously:

Pl+ + Po -- 1 (11)

llence,

PI+ = I - exp (-N) (12)

represents the probability of one or more hits in an interval of time t.

Substituting Equation (8) into (12), yields the probability for one or

more hits on the vehicle:

or,

PI÷ = l - c._p (:G!stL/'_l)

KA s tL

[ In (1 -Pl÷)

gA s tL

I In Po

(13)

(14)

)



Equation (14) permits computation of the angular disturbance of any

vehicle configuration from one impact of each visual magnitude, but

nothing has been said about disturbances resulting from multiple hits of

combinations of meteoroids of the same or various magnitudes. The most

probable disturbance is, however, the result of a single impact, as shown

below.

Tile disturbance resulting from h impacts of magnitude m is found

from Equation (7):

57.3 MoVIO-°'i'L
- h (15)

I

Substituting Equation (_) into (15) and recognizing the constant K:

KAstLh

N = _l (16)

On the other hand, the probability of h hits on tile vehicle is given by

tKquation (9); hence,

P = (Zh) s exp (-Zh)/h! (17)

where

"" '(,,_ t L I cJ[

Since P is a ,,laxi. lnunl when Z = 1 for any value of It, tile maxii.um proba-

bility occurs when

t: = KAstL/1 (18)

I;urthcr, since [_ is a InaXilrlm,i for Y = 1 w'lerl !. = l, ii follo,vs tidal; t. llt:

most prol,able ,listlirl,ance o(-t:itrs from only one impact.

"['he riumller of impacts of mligiiitilde m per second per sqiiar(: meter is

N lol

Nolo o.i,
I

(24)(3600)A t

.+



and the total number of impacts per second per square meter is

N T _o_12 n--_/___n
(24)(36oo)A_ _o 2.512/

)



v- 3 SENSORS

The two basic operational functions of an attitude-control system

are sensing and actuation; in some instances, these functions can be

combined in a single device. Additionally, the system must provide some

form of damping, usually a feed-back loop. Thus, for each control axis,

a control system is composed of a sensor, electronics for processing the

sensor's signals and issuing" control signals, an actuator, and a damping

device. The electronic system requirements for attitude control are well

within tile state of the art, although some improvement is desirable in

reliability and life of components. The greatest room for improvement is

in the field of sensors and actuators. Specifically, actuators (valves)

and sensors are needed which will provide _zreater accuracy and reliability

than currently available.

Table V-.3-1 indicates the types of sensors currently used, the ac-

curacies they provide, and the accuracies which it is hoped future de-

velopments may provide, llowever, so,_e of the accuracies hoped for may not

Ioe achievable; in.deed, a stu_dy of the i!anger vehicle indicates that it is

highly unlikely that control accuracies of the order of 0.005 degree will

l,e possible in any spacecraft because of flexing of one part of the ve-

hicle with respect to another. (hi tl,e other hand, the flimsy vehicles

currently launched into space may be replaced with sturdy craft when

larger boosters are _,vailable.

The major problem encountered in the design a,d use of sensors is

that the phenomena they utilize to derive information are either poorly

defined or swamped by spurio,s signals. Thus far, practical sensors have

relied on only a few phe,t,_mena: direction of the sun; gravity fields;

magnetic fields; stellar radiation,; horizons or infrared interfaces.

Earth and planet horizo,L se,,sors detect, infrared differences whicll

are easily ohsct, red by clouds or l.rge temperature gradients o,k the planet

surface. Thus, to increase sensor accuracy, considerable improvement in

signal-to-noise ratio must be realized. Similarly, solar trackers lose

accuracy when they art: r,.quire,t to track within matulituldes approaching the

tstilt s subtended angle. The _,n itself presents a disc which s.hteud_ an

==._,.,_ Q_ALITY



arc of about _ degree as viewed from earth, but the aten is surrounded

by concentric rings of ionized gases (which also radiate infrared energy)

and subtend as much as several degrees of arc. During solar eruptions the

rings may have temperatures approaching the central core.

Vihen a star is used to activate a sensor, a bright star against a

black background obviously gives an optimum signal-to-noise ratio, liow-

ever, this ideal case can seldom be realized, for tile portion of tile sky

to be used for reference is determined by the mission of the vehicle and,

as is often the case, the selected star is but one in the midst of others

of nearly equal magnitude. !!ence, discrimination is based on spectral

radiation and brightness, and since tile sensor must ]lave high selectivity

to track dimmer images, its signal-to-noise ratio will tend to be low.

Gyroscopes perform well in spacecraft (e.7,., 'lariner l[) and are

often used to sense deviations from orbit planes. 'lowever, tile limited

life of bearings and the inevitable accumulation of drift errors appears

to dampen enthusiasm for their continued employ. The drift rate of free

gyroscopes is far too great for long missions (0.1 to 0.5 deg/min), but

single-degree-of-freedom, rate-integrating gyroscopes of high quality

offer drift rates of the order of 0.001 deg/hr and may even sense angular

velocities of tile order of small fractions of the earth's rate. Life ex-

pectancies can be improved by turning off tile gyroscopes during coast

periods (Hariner II).

The most widely used sensor is the horizon scantier. In principle,

the scanner uses a thermistor bolo,aeter to detect the high temperature

gradient which exists between the earth and empty space at the horizon.

ilowever, accuracies are limited to 0.2 to 0.5 degree because, at altitudes

below 1000 miles, uneven distribution of water vapor and tile earth's ob-

lateness limit the sensing of tile horizon to no better than ±0.1 degree.

)
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Table V-3-1

TYPICAL ATTITUDE SENSORS

TYPE

Solar

Planet

Stellar

Hori zon

llate Gyro

SENSED

any plane

any plane

any plane

local vertical

rate of deviation
from any plane

ACCURACY (RMS deg)

Prcaent

0.1

0.2

1

0.2-0.5

O. 2/hr

Future

0.01

0.01

0.01

0.1

O.OOl/hr



V-4 HARDWARE DF_I_

llardware implementation of tile block diagram of Figure V-4-1

illustrates the essentials of a cold gas system. The operation of this

idealized control system is as follows: There are three sets of controls,

one for each axis (pitch, yaw, roll). In each of the three controls, the

desired attitude is either set in a gyro before flight, acquired by a

sensing device, or telemetered from an outboard master control. This de-

sired attitude may be constant, or may vary according to a preset program.

In the latter case, the desired attitude may require a combination of a

memory device and a timed cam-operated read-off mechanism.

The current attitude signal is fed back to a synthesizer which com-

putes attitude error U. Usually the attitude error is differentiated to

give rate of change of attitude "0. Finally, the signal _ + K'G is re-

layed to a switch. (K is a positive number, typically 0.1 sec). If this

signal exceeds a threshold value ±e, it activates a switch for right (if

positive) or left (if negative) rudder.

In this case a "rudder" is a pair of reaction jets which produces a

torque. Activation of the right rudder switch automatically inactivates

the left rudder switch, and vice versa. IIowever, complications can occur

because of delayed response on the one hand, and difference between the

pull-in- and release-voltage (both nominally ÷e) on the other hand (see

'Fable Y-/4-1 ). These complications can even cause the switch to chatter.

On-off periods, levels of thrust, and the natural oscillation period about

an axis must be closely matched in order to minimize nutations.

The number of on-off cycles contemplated has soTne influence on the

choice of the fuel. Because of its high reliability, a cold gas system

has been preferred when the expected number of on-off cycles is large

(>1000).

_ 1 -7-



Tab |e V-/4- I

TIME DELAYS IN GAS ATTITUDE-CONTROL SYSTFMS

(Ref. 3)

SYSTEM TYPE

Cold gas-high thrust jet

Cold gas-low thrust jet

iiot gas-hydrogen peroxide
(high thrust)

THHUST TIME DELAY
PER JET

5-10 milliseconds20 lb

5 lb

44 lb

<5-10 milliseconds

no thrust for 48 maec;

then decreasing substan-
tially, and returning to
full thrust 108 maec after
valves are activated.
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VT-1 INTRODUCTION

]'lie optimization of a pressurized gas system w|tich is to be used in

con.junction with attitude-co.nt.rol systems may involve calculation of. tile

efficiency of performance of worl:.ing fluids and an evaluation of nozzle

desigll para,leters.

Tile gases which are gcrl,_r_!'tyused as working fluids for pressuriza-

tion or in attitude-control systems are employed at temperatures greatly

in excess of their saturation or critical temperatures, and are seldon,

expanded to the point where they are cooled sufficiently to cause conden-

sation; tlsese gases will be referred to as "noncondensing" gases in this

section of the liandbook. On the other hand, certain working fluids may

be used which are expanded in operating cycles to the point Where conden-

sation occtirs; these gases will be referred to as "condensing" gases.

Co,nputation of nozzle performances with noncondensing working fluids

is outlined in this section and details of the computations of nozzle per-

formance with a condensing gas (water vapor) are presented.



Vl-2 NOZT/,E DESIGN PARAMETERS

The designs of cold-gas 'attitude-control nozzles is based on the

b.eneral pri.,:ii, le_ of desig, of nozzles for use in rockets. The major

difference is, of course, that the cold-gas attitude-control nozzles are

very small and, consequently, little effort is made to control the exact

shape of the exit bell or the throat A cl, aracteristic design for cold-

gas attitude-control nozzles is given in the sketch below:

\

\

£.D.

(_ =

_, =

f =

I'_. I_. :-

I. =

nozzle cone divergence l,alf-angle

nozzle cone co.vergence half-ang.le

throat diameter

exit diameter

throat length.

The throat distorter of a cold-gas nozzle may be as small as0.006 i.ch,

b.t generally is of the order of 0.N2,5 inch for vernier controls. The

le.gth of the throat section, L, generally, is 1 to 4 throat diameters; the

longer throats are relatively difficult to produce _ith smooth bores.

I)iscontin.ities in the contour of the throat wall may cause shock waves and

thus reduce nozzle peri'orma.ce.



The convergence half-angle, _, is not very critical and is usually

15 to 30 degrees. On the other hand, the divergence half-angle, of the

nozzle is important in that it affects the energy recovery from the ex-

haust, llighly divergent exhausts have large radial velocity components

which are not useful in producing thrust. Correction for the nonaxial

component of the gas velocity factor can be made with theaid of the

following table:

Thus, for a rocket nozzle with a diver-

gence half-angle of 20 _, the exhaust velocity

would be 96.98% of the theoretical exit

velocity;. It is of interest to note that the

theoretical computation of nozzle performance

is based on the spherical area obtained from

the assumption of radial flow in the expan-

sion cone and not on the plane area in the

exit cone normal to the axis; however, this

error is quite small.*

Most nozzles for cold-gas attitude-

control systems are relatively short in

length and seldom offer expansion ratios of

NOZZLE ANGLE CORRECTION FACTOR

HALF-ANGLE.
DEGREES

0

2

4

6

8

10

12

14

16

18

20

22

24

CORRECTION
FACTOR

1.0000

0.9997

0.9988

0.9972

0.9951

0.9924

0.989O

0.9851

0.9806

0.9755

0.9698

0.9636

0.9567

more than 100, that is, the area of the throat is seldom less than 1% of

the area of tile exit plane. As a result, because of their operation in

space, the nozzles are always underexpanding and they discharge working

fluid at a pressure greater than the external or ambient pressure.

Nozzles for cold-gas attitude-control systems are usually constructed

of metals and very little attention is given to selection of material be-

cause there is no need to provide great strength or resistance to high

temperatures as for rocket nozzles. Little effort is made to fabricate

nozzles of ,dnimu,1 weight.

* Landsbaum. Ellis M., ARS J., 29, 212(1959).



VI-3 COMPUTATION OF SPECIFIC IMP_E OF

NONCONDENSING GASES

The method for the computation of the specific impulse of "non-

condensing" gases is based on the consideration of the working fluid as

an ideal gas and is patterned after the usual methods for computing the

performance of rocket nozzles.

Tbeoretical Specific Impulse

The computation of the theoretical specific impulse of a working

fluid gas flowing through a properly-shaped and constructed nozzle is

based on the following assumptions:

(a) The working fluid is a perfect gas and obeys the ideal
gas laws; condensation does not occur in the nozzle.

(b) The working fluid is a singuIar substance undergoing no

decomposition or dissociation.

(c) Flow through the nozzle is adiabatic; there is no heat
transfer to the nozzle wall.

(d) The flow of the working fluid through the nozzle is
constant.

(e) Tile velocity of the working fluid is uniform across any
section normal to the axis of the nozzle.

(f) The flow of the exhaust fluid has an axially-directed

velocity.

(g) There is no resistance to the flow of fluid at any

point within the I_ozzle.

T!,e noncondensing gases generally used for working fluids for pres-

s'arization or iz_attitode-control systems are operating at relatively low

pressures and at temperatures well above saturation and thus follow the

perfect gas laws close enoug], to permit evaluation of their performance

in nozzles by the classical treatment of adiabatic ideal gases. A sum-

mary of the important relationships between nozzle performance and the

thermodynamics of ideal gases is presented as an Appendix to this section.

The specific impulse obtainable from a working fluid is given by the

relation:



(13")

Wh_T'e

B' = universal gas constant (1545.2 ft-lb/B°/lb-mole)

k = spec_ fic heat ratio

7" = temperature of the working fl.id at the inlet, B v

J' = ._olec.]ar weight of tile working fluid,

i' = presslire of the wor!:ing fluid at tl, e nozzle exit plane

P, = pressure of the working fluid at the inlet

Po = ambient pressure into which the nozzle exhausts

A e = area of the exhaust jet

I__ = f|ow rate of the working fluid.

When the pressure in the exit plane of the nozzle is equal to the ambient

pressnre, the second ter.i in the above equation becomes 0 and the expres-

sion for the specific impulse is independent of flow rate; therefore, the

expression permits computation of tl)e optimum impulse:

opt. i mmn I I21{'k '['_ tk-_)/k 2B'k

= I - = vrff_ (12)

ci. - ,u  ,PJl l)

wh_:rt" i1 is t. he ide_l cy_'le efficiency of an engine operating between the

pr_s._ur_ P and P As th*_ exit. pressure approaches 0, the cycle ef-

I'i_:it_,,cy apl,r,)aches l, and the .,aximu., specific i.,pulse obtainable from

a working fl./d is given by the expr¢_ssion:

._ 21t' k T__.W,,,.×. ! = (_' -- 1)

--)

i)

(:oml,lJt..tioJ) (,l" the" theoretical optimm,, it_q,.Jsc aml the ,.aximum

t.l,(,(,,'ctic_tl i,,I.,l_,.' rOT' ;1 no,_c(_n,lcnsir, g working flni,l is a simple matter

with t. lL_..i,I ,_t' tal, I,.s an,! _:r.l,hs for the square root of the ideal cycle

,,lt'i,'i,,.,,y ._.,t .tl_vr Iunct. io.s .f the specific heat ratio (seeTables VI-].

' "J'}_ t',]ili_tl(llt lltlllrJ)t'l'_ l('_,,r t,, ih," hillU(._l'l('ilJ SPqilf_I}{-¢ ill LJi(_ ,_},|,PIIIJI_C.

--}57--.-
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to VI-._ _nd l:igure.'s "¢£--k _o '_--_.) . The temperature of tile exhaust working

fluid is computed fro,, tile relation for isentropic flow:

Pe \ ¢_'l}/h

As was indicated bet',,re, ,_os'tworking fluids do not condense during ex-

pansion through nozzles; however, the above equation should be used to

cotnpute the exit te,,,,eraturc and assist in selection of all expansion ratio

which will prevent occurrence of"condensation. If condensation occurs,

the computation of impulse by any of the above equations is invalid.

Actual Specific Impulse

The estimation of the actual specific impulse provided by a working

fluid in small attitude-control nozzles is severely influenced by the de-

sign sad construction of the nozzle and gas supply system and only

relatively minorly influenced by deviation of the working fluid fros,1an

ideal gas. The following factors largely determine the _ctual specific

iJ_l,,,l._eobtail,.,l]c frn,! attitude-control nozzles:

(a) The smoothness of the nozzle throat and bell. lie-

s|stance to flow and the formation of shock waves

from discontinuities may lead to losses in per-

formance.

(b) llnderexpanding nozzles, l.oss due to underexpansion

can be computed from the thrust coefficient

[Equation (19) in the Appendix]. l.osses computed in

this way generally are in accurate agreement with

observed results.

(c) Nnzzle exit angle. In order to achieve large expansion

ratios in short distances, nozzle exit angles generally

are greater than 20 ° (half-angle). Correction of the

t[heoretical exit velocity by use of nozzle angle cor-

rection factors permits estimation of loss ih perform-

ance with a fairly high degree of accuracy.

(d) ._pecific heat ratios. The values for the specific heat

ratios of many oI' the gases used as working fluids in

cold-gas attitude-control systems are quite constant at

high temperatures and pressures, llowever, at the

temperatures a_sd pressures co,n,nonIy encountered in

attitude-control systems, specific heat ratios of fluids

,nay change considerably during flow through, a nozzle.



(e)

The effect of shifting specific heat ratios may be

estimated by computing performances with an iterative

process in which a preliminary estimation of the exit

temperature and pressure is used to approximate the

final specific heat ratio and then using an average

of tile initial and final specific heat ratios in

successive computations.* Graphs showing the value

of specific heat ratios as a function of temperature

and pressure are given for various working fluids in

Section XV.

lleat transfer. The working fluid may gain or lose heat
in the inlet section between the control valve and the

nozzle throat; additional heat transfer may occur in the

bell of the nozzle i_self. This exchange of heat may

lead to deviation from computed performances, espe-

cially when the inlet section is much colder than tile

entering working fluid. It is exceedingly difficult,

if at all possible, to estimate changes in expected

performance when heat exchange is possible, and espe-

cially for the occasional pulses of short duration
characteristic of attitude-control systems. It should

be recognized that evaluations of nozzle performances

in the laboratory are generally performed under the

steady-state conditions obtained when all working

parts have achieved equilibrium temperatures; thus,
the results of these tests are not indicative of the

actual performance obtained during occasional short-

duration operation periods.

* Iberall, A. S., J. Appl. Phys., 19. 997 (1948). )



VI-4 PERFORMANCE OF NOT2J.J_S WITH CONDENSING FLUIDS

Tl,e perforz_al,cc of nozzles with condensin E fluids cannot be calcu-

lated with the same formulas that are used for"noncondensing" fluids.

Condensation releases the latent heat of vaporization (or sublimation)

and tl,us tends to relieve adiabatic cooling effects; the additional heat

also provides more energy for thrust than is available from the expansion

of "noncondensing" working fluids.

TIDe theoretical maximum impulse obtained from condensing working

fluids may be computed by the following formula:

I = 6.9.54 ¢Ah
sp

where Ah is the enthalpy change in _tu per lb undergone by the fluid in

its reversible expansion through the nozzle. When the working fluid is

a saturated vapor in equilibrium with its condensed phase, condensation

occurs immediately as the vapor expands; the thrust obtained from expansion

through a nozzle will be a maximum if equilibrium between the phases can

be maintained at all times.

At any instance during an expansion, conservation of mass requires

M c + M v = M_

where tile subscript c refers to the mass of tile condensed phase, v tile

mass of the vapor phase, and i the mass of the original volume of vapor

undergoing expansion. Similarly, conservation of energy requires

Mch c + M h_ = Mt hi - A(pv)

where h is tile total enthalpy (over absolute zero) per unit mass of the

respective phases and A(pv) is the work done by the system.

Consider one pound of saturated vapor entering the throat section of

a nozzle at P = initial pressure in atmospheres, Ti = initial saturation

temperature in nanl_ine degrees, ', = initial volume in ft3/lb (specific



volume), and h i _ initial total enthalpy in Btu/Ib. After expansion to

a new volume in the nozzle, the remaining vapor will occupy the new volume

at equilibrium with the condensed phase; the following equation relates

the temperature, the total enthalpy of the system, and the specific volume

of the vapor:

9

v ,sI v),Vr f '_ • + 1 r/ h c
spy Vsp _

- A(PV)

w},ere V/ final voluble, and V r/= ,.vv ffi specific volupm of the vapor at the

final temperature. (It is assumed t ,at the volume of the condensed phase

is negligible in comparison to the volume of the vapor phase.)

The specific volume of the vapor at large expansions may be computed

from ideal gas relationships (actual values of specific volumes seldom are

available at low temperatures and low pressures); consequently,

0.7302 T/
V

"P_ M P/

where Tf is the final temperature, Pl is the final pressure in atmospheres,

and M is the molecular weight of the gas.

The work expended by an expanding undersaturated working fluid is ob-

tained by consideration of the cycle in the following figure:

ii)

W
tw

¢D
¢D
tM
er
t_

Pi

Pf
I I I

Vo Vi Vf

VOLUME
)



Ntartlng at point, A with the fluid at temperature T i and pressure

P at, t,',,e initial volume Vi, reduce the temperature to T! at constant P..t

The work done on the fluid is the area ABVoVi and is equal to Pi(Vi - Va )

for an ideal gas. The work expended during isothermal expansion of tile

fluid from point B(P_, T/, Vo/ to the final conditions, Pi' Vi, Ti is the

area under the T/ curve between Vo and Vf; for an ideal gas the work for

one mole is: RTi In Vt/V o. llence, the net work is

A(PV)
Vf

P,Tf In- - PiVi + PiV°
Vo

For an ideal gas at constant pressure, Vo = ViTI/Ti, and the net work is

given by the expression,

A(PV) = PiVi - 1 + BT In ViTI

Thus, the maximum work available from an initial mass of one pound

of working fluid at T i and Pi (equal to saturation temperature and pressure,

respectively) which has a volume Vi and a total enthaipy of i_i, and is

expanded reversibly to V/ final volume is:

max A(PV) -- 2 7203 PiVi Tf + -- (2.303)(1.98_9) T! log
• M ViT [

where X is the weight (pounds) of vapor in tile final volume (ft3), Pi

is the initial pressure in atmospheres, Tf is the final temperature (°R),

a_,,l A(PV) is in qtu's. Introducing the above expression for maximum work

in the earlier expression relating the distribution of total enthalpy,

and recognizing that the weigt_t of the vapor (X) in the final volume is

rf
Vf/'V, pv, the conditions at any point downstream of the throat must fulfill

the equation:

Xh r! + (1 -X)
V FTi - 2. 7203 PiVi _ 1

L

X VtTi_
Tt 1 og

+ .1..575_ if _j



Solution of this equation is simplified by use of tables or graphs

of total enthalpies and specific volumes versus temperature. An estimate

of the final temperature is made, and then the left-hand and right-hand

members of the above equation are computed for two temperatures in the

vicinity of the estimated final temperature. The values for each member

of the equation are straight-line functions over narrow temperature ranges

(several degrees); hence, the intersection of the plotted line of the left-

hand member with the plotted line of the right-hand member closely repre-

sents the actual final temperature, and the corresponding work term of the

right-hand member is used to compute the maximum specific impulse

[I = 6.954 ¢_-(PV)].
sp

Specific impulse values computed in this way are based on the following

assumptions:

(a)

(b)

(c)

(d)

Tile unsaturated working fluid performs as an ideal gas at

low pressures and temperatures.

The condensed and uncondensed phases are at all times in

reversible equilibrium.

The condensed phase is of such a small particle size that

its axial velocity in the nozzle is at all times equal to

the velocity of the uncondensed phase.

The enthalpy difference between the total enthalpy avail-

able in the throat section and the vapor at the nozzle

exit plane is completely available for production of
thrust.

(e) The condensed phase is a negligible fraction of the un-

condensed phase.

(f) There is no heat transfer to the nozzle.

A summary of computations for the performance of water vapor is given

in Table VI-4 and Figure VI-5. It is interesting to note that there is

very little difference in specific impulse when supercooled water is formed

as the condensed phase rather than ice. Moreover, variations in the initial

temperature and pressure do not influence performance significantly, espe-

cially at the relatively low expansion ratios usually available in attitude-

control nozzles. 3"his is due to the fact that Le, the latent heat of

vaporization of water is so large that dLe/dT is a relatively small number.

_)
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Table VI-4

SUMMARY OF COMPUTATIONS FOR PERFORMANCE

OF NOZZLES WITH WATER VAPOR

Saturated water vapor at 585°R (about 52°C)

P = 0.13329 atu.
sat

Specific volume = Vi = 177.78 ft3/lb

__hi = 1389.7 btu/]h

EXPANSION ! oq
• RATIO I exit

? i 55_.3

5 i 527.2

10 i 506.4
20 i 487.9

20 I 488.2

i
40 i 472.4

401 472.6

100 , 453.5

100 I 453.8

1 000 412 3

1 000 ! 41214

10 000 I 378.4
i

2

5

5

40

40

100

100

1 000

10 000

CONDENSED

2.8

6.1

7.8

9.4

8.3

11.0

10.2

12.4

11.2

1612

15.3

14.1

CONDENSED
PHASE

water

water

water

water

ice

water

ice

water

ice

water

ice

ice

I Pexit' atm

i 0.062

I 0.0227
0.0111

0.00507

0.00513

0.00241

0.00242

0.00091

0.00092

0100008

0.00008

0.000007

ENTHALPY
DIFFERENCE

41.4

87.2

117.3

144.3

146.1

168.7

170.6

198.4

201.5

25619

260.1

307.2

Saturated water

Peat = 0.02497
Specific volume

h

508.8

484.4 5.6

484.7 4.3

441.4 11.4

441.7 10.0

424.9 12.7

425.0 11.8

391.9 12.3

358.4 18.3

vapor at 53008 (about 21°C)

= V. = 859,69 ft3/lb
L

= 1365.7 btu/Ib

2.6 water O.0117

water 0.00431

ice 0.00.t36

water 0.00046

ice 0.00047

water 0.00018

ice 0.00018

ice 0.00002

ice 0.000001

37.3

80.7

81.9

158.4

160.0

186.0

188.0

256.6

291.1

SPECIFIC
IMPUI.SE

44.7

65.0

75.0

83.5

84.1

90.3

90.8

98.0

98.7

111:5
112.2

121.8

.;2.5

62.5

62.9

87.5

88.0

94.8

95.4

109.6

118.7

.)



VI-A APPENDIX

SUMMARY OF EQUATIONS FOR NOZZLE PERFORMANCE CALCULATIONS

Specific Impulse is defined as the thrust obtained from unity flow rate

of propellant, i.e.,

F C
I = -:- = -- (1)

$"

N g

where C is the effective exhaust velocity, g is the gravitational constant,

ff is the weight flow rate of the propellants, and F is the thrust.

Total Impulse is the integral of the thrust, F, over the duration of

operation, t:

I t = Fdt = • dt

wo

(2)

Effective Exhaust Velocity

Fg
C = --7- = V 2 +

W

(P2 - Ps)A, g

where

A t ffi exhaust jet area

P2 ffi exhaust jet pressure

P3 = pressure behind exhaust jet

V 2 ffi exhaust velocity

W
(3)

Nozzle Exhaust Velocity

/2 k R'T1 * vlv2 --_/_ :, _ \ p,/1-r] (4)



where

subscripts 1 are inlet conditions,

subscripts 2 are outlet conditions,

k = c p/cv,

M = molecular weight,

B' = universal gas constant = 1545.2 ft-lb per °B-lb-mole

)

Generally V 2 >> VI, and hence V 1 can be neglected. T 1 is the nozzle inlet

temperature, and for isentroplc .flow is also equal to tile stagnation

temperature. At infinite pressure ratio, i.e., when the nozzle exhausts

into a vacuum,

__/ B'2gk To

v2 = Vk- 1 M (5)

where

T O is the stagnation temperature.

From equations (l) and (3), the external force or thrust exerted by

a nozzle is given by

W
F - V2 + (Pc - P.)A, (6)

g

where

Po is the ambient pressure.

Pe is the exit pressure

A e is the exhaust jet area.

But, the nozzle exhaust velocity is:

V
= 2 k R'T, _ p 7_---

1 M
+ V (7)

where t.l,e i subscript.s refer to inlet con,:titions.

-/qq-



Hence,

R'2 k Ti

F -- -- - + V i + (P, - P )A, (8)
g 1 M

where Y_ can be ignored because it is much less than the exhaust veolcity.

Now, in order to carry a minimum of fuel weight, the thrust must be

maximized. Thus, since Pi can easily be fixed (as also Ti), only A e and

P• need be considered. We need find conditions for which

P• - P. = 0

a 11 d

From the first, the equation is maximized when P• = P, and P• ¥ O; from

the second,

_F W

2g
A e

= A_ - W

= A

m

,_1,- 1 k T[ p•-i- -
k 1 M

I,(,./'-4R' T i k _..!
- p.

z P,/ J '

m

R'T i

1 M

k-I

- 15-0-

+ A

(q)



In other words, for ('OF/_P) A = O, it is necessary for A e to he equal to
e

the right term; alternatively, there exists for each A e an unique Pe for

which the thrust is maximum. Since calculations with random selections of

Pe are unwieldy, it is preferable to select the first condition, i.e.,,

¢

and the equation is:

F°ptimum g Vk - i M \Pi/

This e,luation can be rewritten as:

F°ptisu® = -V _ "_ l ]_ W

(ii)

where W is the idea! cycle efficiency of an engine operating between the

pressures Pe and Pi"

1,, view of equations (i) and (Ii), the optimum impulse is

2P'k " i ,2 (12)
optimum I = (k- 1) ._

|r

where _7/2- 1 wl, en P -_ O.

The equation for the actual impulse, however, is found bY combining equa-

tion (1) with equation (R):

)j+ A

_ 211'k T, (P - P)-- (-_" l) M (_!_)+ _ A"

W ,

(13)
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l_eturning to equation (8) and introducing the expressions for critical

velocity or throat velocity [equation (29)]

k RtT

V,_ "Vk-+ 1 M

(14)

specific volume,

Vtc

I

h-I

ffi V I
(15)

weight flow in the critical section, equation (30),

• A_Vt,
W - (16)

v_.

and the perfect gas relationship,

R'T I

PlVl - M
(17)

there results a new equation for the thrust:

F I
'P_ Vk - 1 + (P - P,)A

(18)

where A = throat area.
t

Now, we define a thrust coefficient by:

= -- - + (19)
CF V k - 1 P_ A,



For oFtimum expansion, Pe = Po, and the last term becomes zero.

the ideal tirust equation becomes,;

F = CrAtP i

llence, in view of equation (1),

Then,

(2O)

CFA tP i

I s " (21)

&

Ik k÷l

AtPi 2k 2 2 T:'i P, - P

[, = _ + E (22)
W --1 k+ 1 Pi

where e ffi Ae/A ' = area ratio.

Equation (19) is the more useful because there are available tabulated

values of CF where Pa = vacuum.

When Pe ffi Pa, the optimum area ration e and the pressure ratio P,/Pi are

related by the equation:

1 LP, j

(23)

An additional useful relation for isentropic flow of ideal gases

through a nozzle is:

k-1

(__)/Vi\k-I = --=TiT (p_)"X- (24)
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r eight Flow. For an isentropic, steady flow process, the general equa-

tion for the weight flow in a nozzle between any section z and the nozzle

inlet section is given by:

,.i÷
B, L\K/ \ p,/ J

where Jfmechanical equivalent Qf heat. (777.97 ft-lb per btu.)

Throat Conditions.

flow is a maximum is called the critical pressure and is obtained

from (23):

_L

The specific volume in. the throat at critical pressure is:

The throat pressure for which the isentropic weight

(26)

1

(k;= v _ (27)
Vtc 1

The temperature in the throat at critical pressure is:

Tic = T I (28)

The critical velocity is::

V t c m (29)

The weight flow in the critical section is:

AtV tc

W = = AtPlg
V

tc

F /+I

k_k2 + 1

(30)

-/_5-q-
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::pecific Impulse from Enthalpy Change

When the enthalpy change which a fluid undergoes in an isentropic

expansion through a nozzle is known, the exhaust velocity is given by

the equation:

V ,,_ 2_JAh (31)

:j 2 V 2
i - A2 1

V 1 is often small compared to V 2 and under these conditions, the denom-

inator in equation (31) becomes approximately equal to unity so that,

V = _ (32)

where

Since 1
s

J = mechanical equivalent of heat (777.97 ft-lb/Btu)

2
g = 32.174 ft-sec

_h = enthalpy change, Btu per Ib

= V/g, equation (31) may be converted to:

I = 6.954V_
s

(33)

i)
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VII-I INTRODUCTION

The design of flight-welght pressurized gas systems may be typified

as primarily a problem o_ control§. The function of these controls is to

provide structural reliability of the pressure vessel. These controls are

imposed in two broad areas, material control and process control. The

sources of these controls are varied and they include input from personnel

in materials, welding, stress analysis, nondestructive testing, and manu-

facturing.

It is the task of the project engineer to correlate and implement

these controls. This, however, is no small task as a working knowledge of

all of these disciplines is required by the project engineer to prevent

what may be described as chaos.

It is the aim of this Section, therefore, to bring forth as many of

the potential problem areas as possible and to provide adequate references

so that the _ _ _L1s as a guide for his programs._uje_ engineer may use +_"



VII-2 DESIGNCRITERIA

Vessel Construction

that the complete operating cycle of the proposed vessel is known so that

each potential problem may be considered prior to its occurrence. This

history plus the anticipated fabrication problems, which will be covered

in a later section, will allow a design engineer to predict the ramifica-

tions of any decision he may make during the construction of a spacecraft

pressure vessel.

First there is the establishment of the primary design parameters of

a pressure vessel. These are as follows: I) the gas to be stored, 2) the

anticipated pressure history of the gas, 3) the anticipated temperature

history ot the gas, 4) the amount or volume of gas to be stored, 5) the

space envelope available for the pressure vessel, and 6) the maximum weight

of the pressurized gas system. It is not enough to know the limits of these

parameters, but the time relationships should be established. In doing this

the designer may tell at what stress level the pressure vessel is at any

time. To accomplish this a simple time versus pressure and time versus

temperature plot is constructed. The time base should begin at the start

of the testing cycle and be carried through to the end of the mission. Each

of these primary design parameters will influence the selection of a candi-

date material, and therefore the proposed cycle history should be established

as completely as possible.

Obviously the first primary design parameter (the gas to be stored)

will be established from system requirements. These requirements will usu-

ally include the anticipated shock and vibration loads reduced to simple

pressure loads (see Table VII-A-3 in the Appendix) and added to the working

pressure of the gas which has been established, to a degree, from the same

analysis. This will serve to fix P (operating pressure), but the proof
op

and burst pressures remain unknown. The selection of P (proof pressure)
P

and Pb (burst pressure) are a function of two parameters: a) contractural

requirements and b) the state of the gas stored, i.e., the temperature of the
4

gas.

-17y 



The contractural requirements may be further subdivided for man-rated

and non-man-rated application. In a man-rated application the pressure vessel

is designed so that its reliability (certainty against premature failure) is

as high as possible. This is usually done by increasing the controls so that

the chances are small that a sub-specifica%ion material or a manufac%uring er-

ror will go undetected. Another way of promoting a high reliability is to

increase the design safety factors. The amount of increase is however, a

function of system weight and cost and is therefore usually considered at the

contractural level.

In a cryogenic application a larger amount of gas may be stored in a

smaller volume, but besides the additional complexity of the system a pres-

sure gradient exists (in the absence of zero-g loading) due to the weight of

the fluid in the vessel, This gradient must not only be considered as chang-

ing P with respect to location, but the choice of P may be influenced due
op p

to a change in the mechanical properties of the material at low tempera-

17,23
tures. This will influence P if, in addition to anticipated over-press-

P 4
urization, a no-yield test condition is imposed. Briefly this implies that

at no time is the pressure vessel allowed to be stressed such that any part

of the structure will exhibit stresses which are beyond the yield point of

the material. At the test temperature this condition has the tendency to in-

troduce strain gradients into the structure which are unaccounted for and un-
4

known unless a complex reanalysis of the stresses is performed. Figures I

through 21 (Appendix) illustrate the temperature dependence of the mechanical
2

properties of some typical pressure vessel materials. These figures, however,

emphasize the low temperature properties whereas the pressure vessel may be

operating at a considerably higher temperature. In cases where the gas tem-

perature is high, a usual source for material properties is MIL-HDBK-5. Par-

agraph 3 of this part describes another approach to the establishment of P
P

Burst pressure (Pb) is usually selected as an ultimate pressure beyond

which the pressurized gas system function is no longer a factor in the func-

tioning of the spacecraft and is usually determined by contractural agree-

4,6
ment Burst pressure is used in the preliminary qualification testing of

4
the pressure vessel, The usual techniques of this test series is outlined

in Part VII-7 of this Section. Realistically the burst test serves to give

the designers of a pressure vessel some knowledge of the nature of the vessel

D

-fT -



9
failure. These results should be compared with the failure criteria assumed

in the design of the vessel (Part VII-5) to ensure compliance of the assumed

failure mechanism with the observed mode of failure.

Generally speaking then, the proof and burst pressures are functions of

the design pressure and can be designated as follows:

Pp =_Pop where _ _ i, Pb =_Pop where _ _i, _ >

and _ is such that no yielding will occur, it might be pointed out here that

a no-yield proof test criterion implies that the state of stress in all parts

of the pressurized gas system must be known. This is difficult to anticipate

P
with conventional gross effects associated with the kt approach to vessel de-

sign and should be used only when a more sophisticated approach to the analysis

• 4,10,32
of stresses is used. One such approach which has gained wide acceptance

is the use of a computer as a means to solve a set of generalized shell equa-

tions.

f

The duty cycle of the pressure vessel requires that the temperature of

the gas be known at all times. Specifically, the periodic withdrawal of a gas

stored at cryogenic temperatures is implemented by means of a heater or a pos-

itive-expulsion device. This withdrawal process results in an increased fluid

temperature, which, in turn, may degrade the properties of the material enough

to cause local yielding or elastic over-stressing of the vessel. This could

be disastrous if the design considers the effect of fatigue damage 12 •in the

vessel life. While thermal shock is not generally a design consideration be-

cause the vessels considered here are usually enclosed or otherwise thermally

protected during the ascent and descent stages of a mission, its effect should

14
be considered if inadequate insulation is indicated.

Thermal stresses, however, should be considered even during manufacture

of the pressure vessel. The case here is that a pressure vessel with a de-

fective weld may sometimes be discarded because repairing the weld could in-

12
troduce unknown thermal stresses, which, in turn, could deform the vessel.

4O
Stresses Due to Steady-State Temperature and Internal Pressure

Vessels, to withstand high pressures, are usually designed on the basis

that the internal pressure leads to elastic failure at the inside surface.

- 177-



However, thermal gradients cause stresses which may easily achieve levels

comparable to or greater than the pressurization stresses. Thus, it is

important to take into account thermal and pressurization stresses simul-

taneously in the design of pressure vessels.

The behavior of spherical and cylindrical vessels stressed by pressure

and temperature when the stresses are everywhere below the elastic limit is
44

well known, but it is not always possible to maintain stresses below the

elastic limit. The behavior of vessels subjected to both pressure and tem-

perature stresses when the elastic limit has been exceeded was studied by

45
Whalley.

The equations presented are based on the following assumptions: 45

(i) A brittle material is perfectly elastic up to its ultimate

strength. When it fractures, according to the maximum

principal stress theory, it does so without appreciable

yielding.

(2) A ductile material is perfectly elastic up to the yield

point; thereafter it yields at constant maximum shear

stress (Tresca theory); no strain hardening occurs;

(3) The temperature is low enough so that creep is negligible.

(4) Temperature and stress have no effect on elastic moduli

and the yield point; the coefficient of thermal expansion

is negligible.

(5) The Bauschinger effect does not occur (reduction in yield

point due to previous plastic flow in the reverse direction).

(6) The strains are small compared with the dimensions of the

vessel.

(7) Important stress raisers are absent.

Shape, Configuration Requirements

As stated previously, a gas can be stored as a liquid or in its gas-

eous form depending on Such factors as cost, weight, volume necessary ver-

sus space available, and use. This decision, however, is one made during

the systems analysis, and only the design problems associated with each

case will be treated in this section.



Usually the space envelope is fixed prior to the design of the pres-
sure vessel 6'8 and the designer then must choose the best shape for the

vessel which fits into the available space. In cases such as these any

vessel configuration other than spherical imposes weight penalties because
of the particular stress distribution encountered.

In arriving at a weight estimate for a particular vessel shape the

simple technique of membranestress may be used to compute the shell thick-

ness. This, however, does not account for bosses, weld reinforcing areas,

or support brackets which could increase the weight considerably. To

account for all of these additional componentswithout at least a simpli-
fied analysis would be merely guesswork. But if the candidate vessel (or

vessels if various shapes are being considered) is being Considered for

some trade-off, such as different strength levels for a given material or

pressure-versus-mission requirements, it maybe advantageous to ignore these

additional componentssince they will, in these cases, remain approximately

constant. The following may serve to aid the designer in establishing the

preliminary weight of a pressure vessel prior to the formal stress analysis.

"The minimumweight of a pressure vessel depends upon the permissible
level of stress in which the material of construction is to operate. In

general, the stress level at proof pressure is used for development of equa-

tion_ and formulae for computing minimumweight. The actual weight of a
vessel is determined by the numberand thickness of bosses, the required

thickness at butt-welded joints to maintain strength, and, amongother such
considerations, safety factors and available techniques for fabrication. ''40

SS_eKical V_ 40

The thickness of the vessel walls is given by:

Pdt= 4.r- P

where d = inside diameter and*_'is the maximumstress level for the mate-

rial; the weight-to-volume ra_io is:

17q-
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where _ is the density of the material.

40
Cylindrical Shells

The wall thickness of the shell of a cylindrical pressure vessel at

some distance away from the ends must be:

Pd
t -

2_- P

and the weight-to-volume ratio is

W_ 4(d + t)Pt/d 2
V

El li_tical Ends 40

The maximum stresses in the knuckle region and the dome region are

given by :

(I) Knuckle region

The maximum stress is

Or = KPa/tl

where K is a stress factor for an elliptical ratio, e; P - differ-

ential pressure% and a = inside radius.

(2) Dome region

The maximum stress in this region is

PR ePa

2t 2t 2

Solving for tI + t2 and taking an average value, there is

found an effective end thickness:

t _'_ K +
e 2o" .

)



and the weight-to-volume ratio is:

where

Figures VII-A-22 thru VII-A-26 in _e Appendix also provide data

for volume/weight calculations.

The effect of vessel shape on the stresses may also be

established by a simple membrane analysis of the pressure

vessel in the manner described in the following section.

Membrane Stresses

For shells of revolution a free-body diagram may be taken of any sec-

tion where the membrane stresses, S I and S2 (Eq. 7), are required to be

known.

T2

T 1
T 2

Fig. VII-2-1 blembrane Free Body Diagram



The solution for the membranestresses may be obtained through the following

steps.

T1 = The hoop stress (latitudinal stress), Ib/in

T2 = The longitudinal stress (meridian stress), ib/in

RI = The radius of curvature in the vertical planes, in

R2 = The radius of curvature in normal planes, in

t = The membranethickness, in

Then, since the sumof the forces must balance for equilibrium, one arrives

at the general form:

T1 T2
p= -- +--

RI R2

where P is the applied load in Ib/in 2.

(I)

Applying equation (i) to somecommonshapes, the stresses are computed

as follows. First consider the case of a sphere that has a material density,

p (Ib/in 3) and a gas stored at pressure, P.
i)

Y

P

A

Fig. VII-2-2 Sphere with Internal Pressure, P

-tf -



T2 T 2 s_n_ "4- T 2 sln_ T2--
•-

w = P times area below section AA

(Ib/in)

Fig. VII-2-3 Free-Body Diagram at Section AA

_F
Y

= 0 gives:

2 _rT2sin4_R2sin _ = TP(R2sin4_) 2 + wt

lr (R2sin _)

(2)

(3)

and s_nce R. : R_ : R
I /

(4)

equation (i) gives RP = T 1 + T 2

then (wt)T I = _ _.(Rsin4_) 2

(5)

(6)

It is obvious from equations (3) and (6) that T 2>T I.

brahe thickness, t, would be computed from equation (3).

between stresses is given by

T.
1

S. -- , i =i, 2
z t

Therefore, the mem-

The relationship

(7)

and S 1 is the allowable working stress selected by applying some factor of

sa£ety to the yield point of the material. The selection of safety factors



will be discussed more fully in Part VII-3. Combining equations (3) and

(7) gives finally:

PR[IJw 8t _- S2 7rR2sin 2

which reduces to the usual form for a hemisphere with_ = _/2 and w assumed

negligible.

PR
t =

2S 2

(9)

(b) Cylindrical vessel with elliptical heads and a cryogenically stored gas

at density pg (Ib/in 3) and pressure P.

D

Y

R I P

b

A _ \
)

X

Fig. VII-2-4 Cylindrical Vessel with Elliptical Heads

Again for stresses at section AA a free-body diagram is as follows:

l q-



T 2 sin

2_IP'

T

t

T 2 sin _

wt + Og times the volume below section AA

Fig. VII-2-5 Free-Body Diagram at Section AA

t

where P is the pressure due to the liquid above section AA plus P.

Again _F = 0 gives:
Y

2 sin2_ + pV + wtT2sin _ 2 TRlsin _ = P'T R 1 (I0)

Therefore:

R1[p,+ _pv,sin2÷wt)]_2 : i- 2
R 1 @ ]

(ii)

and, from Equation (I):

T I = R 1 P' .

with

R _/l-K2(l-k2) (12)Rl = _

and

R 2 = RI3 (Ref. 29) (13)

b X
where R is the radius of the cylinder, k = _, and K = _; b is from the

equation of the ellipse, which is"

- I_-



X 2 y2
--+ --= l

R 2 b 2

Table VII-A-1 in the Appendix lists the values of R

(14)

i and R 2 for the

usual shells of revolution used in pressurized gas systems.

Another approach to membrane stress analysis of shells of revolution,

which uses a geometrical approximation, may be found under Reference 28 in

the bibliography. It should be understood that the preceeding analysis is

for shells of revolution only, and if nonaxisymmetric vessels are consid-

ered, an approach similar to that described in Part VII-4 must be used.

D

Materials Selection

After the establishment of the primary design parameters, a material

must be selected for use in the pressure vessel. This is usually somewhat

more subjective than other aspects of the design because an "experience

factor" enters the picture when a manufacturer of pressure vessels selects

a material for a new design. 2'3'12 The implication here is that because a

pressure vessel manufacturer has used only aluminum in his previous de-

signs, he may wish to do so again even at the expense of an optimum weight

because he can offer reliability born from experience as an acceptable sub-

stitute. The "experience factor" therefore must not be discounted 3'4 during

the establishment of the primary design criteria. Some manufacturers base

their materials selection upon an inspectability criterion such as minimum

detectable flaw size, 3 whereas others may favor the weldability of the

material as paramount. This makes the task of the design engineer extreme-

ly difficult, especially if the fabrication will be done by a competitive

vendor. What this also implies is that there can be no fixed set of values

for screening or ranking factors for selecting an optimum material unless

the capabilities of the potential vendors are also considered. The follow-

ing outlines the design implications of the nine (9) most important quali-

ties other than strength-to-weight ratio.

Candidate or admissible materials should be chosen by a "filtering or

screening" process. A set of "filters (selectors)" are established to



provide a sound base upon which to select a group of candidate materials

from the full spectrum of materials. These filters are used to screen out

all but a select group of materials, which possess the desired qualities

for flight-weight pressure vessels. If the design input requires a prior

selection of materials for each quality except a minimum weight, then the

following properties of the candidate materials must be screened: (I) mate-

rial compatibility,(2) weldability,(3) workability,(4) machinability,

(5) cycle (fatigue) properties,(6) sustained load (creep) properties,(7)

3O
corrosion properties, and(8) inspectability.

Development of Criteria for Material Compatibility_

Compatibility as discussed here will deal only with the compatibility

of materials in the sense that they behave well with each other. Material

compatibility in the broader sense is discussed in Section VIII.

Material compatibility may be divided into seven major subgroups: (i)

pressure vessel material compatibility with the stored fluid, (2) pressure

vessel material compatibility with the insulation, (3) pressure vessel

material compatibility with the external piping, (4) outer shell material

compatibility with the insulation, (5) outer shell material compatibility

with its external environment, (6) outer shell material compatibility with

its support structure, and (7) pressure vessel and outer shell material

compatibility with their connecting supports. This assumes that the com-

patibility of the joining techniques is established.

A material selection filter for compatibility must account for each of

the above seven items. The following briefly describes the effect of com-

patibility for these items.

(I) If the stored fluid in contact with the pressure vessel material

causes a corrosive condition, this may not only contaminate the fluid, but

it will alter the mechanical and physical properties of the material such

that design input becomes an unreliable factor. If it is established that

the conditions of contact will produce a corrosive situation, then a suit-

able coating must be selected. This poses additional problems in the



parent material since a coating must then be able to withstand the thermal

stresses imposed and yet remain an integral part of the structure.

If the fluid causes a corrosive coating, which is an integral part of

the structure such as an anodized finish, then this surface effect must be

considered on the design allowables, specifically, teasile strength, fa-

tigue life, and noted sensitivity, to name a few of the usually affected

material properties. Stress corrosion is another factor in design which,

if not accounted for, can cause catastrophic failures due to production-

produced microcrack propagation from an embrittlement of the material at

the crack tip. Along with the effect of stress corrosion is hydrogen em-

brittlement, which produces similar phenomenogical effects. This implies

that certain materials such as some titanium alloys may not be used for the

cryogenic storage of hydrogen. It also implies that the test fluid must be

compatible with the vessel. Many times it is desirable to select as a test

fluid something other than tile working fluid because of safety considera-

tions, etc. However, Section VIII discusses this in greater detail.

(2) Basically the same problems described above may be anticipated

with the bonding or resting of tile insulation against the pressure vessel

whether the insulation is in solid or gaseous form.

(3) External piping, if not made of Lhe same material as the pressure

vessel, may cause, thL.rmal discontinuity stresses in service or ft-om welding

or the use: of a m,:chanical joint. The piping must thet'efore be related to

thu l)r_:ssurc, \,t:ssel materLal to aw)id the need for ext_.ns_vu and _.labora[_

devices to overc(mlu this effect.

(4) As wiLh the: discussion of Lhe corrosion effucts e,lcountercd in tll,'

pr.t_SSLlF(_ VL_SS(_] iLst'lf, Lhc'. _ul.t,r ght'l[ tllaLt_l-ia] callnoL tolet-aLe all)' unac-

counted-f,_r changes in iLs properties since it too must resist buckling.

(5) The ouLer shell's resisLa.ce Lo buckling could be altered by the

possibi lit), uf cot-r'osi_n and/of Lhermal ehangt_s resulting from an ineom-

paLiblu extet'lla I C'llV i EOnlht'll[ .

(l)) and (7) .Jo[ll[t_g Lh,_ e_,mp_rn.nls tog_.thur and to somu supp,_rting

Skl'tl_-'Ltll.-t'S ruquitt_s L'onsiderati_n of l,,calizud Ct'llL(_l_'S of high Lhermal

-IH"
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stresses and possible corrosive centers. Joining technology in these

areas is generally directed at maintaining alignment and producing low

concentrations of stresses. However, even a purely mechanical joint re-

quires some corrosion-oriented consideration because of the difficulty in

sealing closely fitting components against corrosive elements.

Development of Criteria fo_rWeldabi!it _

A metallic candidate material must meet some basic requirements for

fabricability. Of these requirements, welding is one of "the most critical

since the usual techniques require the joining to be such that structural

integrity, leak tightness, etc. are unimpaired. Further, some materials

are welding-process sensitive, which could imply some minimum thickness

limits for design input. Finally, where mechanical joints are unaccept-

able or otherwise prohibitive, the candidate material must be weldable.

Section VIII describes the weldability of current candidate materials in

detail.

Generally speaking then, a candidate material will be selected on the
2

basis of its fabricated behavior. Where various welding processes exist

for the same material, that material will be classified for each process.

This will provide the greatest possible choice in a particular material.

Also, each process for a particular material should be examined by the

other selection filters and ranked for ability to satisfy the requirements

of each selection filter passed.

Workability and Machinability

The development of these filter criteria would Consider the individual

cnpnbilities of the manufacturer. Some pertinent input here could include

4,8,9,!0
weld tooling (Section VIII), personnel, and professional experience

Cyclic Material BehavioK

Cumulative fatigue damage criteria for use as a fatigue filter may be

found in References 32,33.



Sustained Load Properties

Creep and relaxation properties are important in many phases of pres-

sure vessel design. For long-term storage, compatibility may influence the

selection of a candidate material because of the possibility of stress

12
corrosion. Some pressure vessel manufacturers will degrade the selected

material in terms of mechanical properties if high-temperature storage is

anticipated even for a short time_ 12 Others I0 will age-test to insure a-

galnst creep failures. Reference 31 in the bibliography provides a readable

and informative source for the mechanisms of creep and its design implica-

tions

Development of Criteria for Corrosion Properties

Basically, the corrosive properties of a candidate material are in

either one of two forms. It either corrodes or contaminates the material

surrounding it, or it is corroded or contaminated by the surrounding mate-

rial. If either one of these conditions exists, some means of protection

must be considered. This can affect the service life, fabricability,

weight_ or compatibility of the storage system. This may be done by oxide

formation on the material surface, which will alter the mechanical and phys-

ical properties of the material. A solution would be to coat the surface

or_ as an alternative, to account for these effects in the design input. It

must a!sc be kept in mind that if a corrosion preventative is used, its com-

pa_ibiiity with the materials on either side of it must also be considered.

For example, a coating may be selected which is somewhat permeable to the

stored fluid, but if the mission is short enough a trade-off may be con-

sidered if the permeability is low. The aforementioned serves to illustrate

in very general terms the effect corrosion has on the selection of a can-

didate material

_nspectabilit¥

This selection criterion has probably caused more problems in the se-

lection of a candidate material than any other filter here listed. This is

because the current state of the art of nondestructive testing has not kept



pace with the designer's ability to predict a realistic failure criterion

for a given material under someload profile.

It has been established that a material containing flaws (i.eo,

cracks) of somecritical length will exhibit a far lower strength than the
samematerial with these flaws removed.32'33 With this principle, manu-

facturers have developed manyschemesto overcome this disparity. All of

these schemesrely, to somedegree, on fracture mechanics to screen candi-

date materials for pressure vessel applications. See Part 5 of this sec-

tion for a discussion of how fracture mechanics maybe applied directly to

design. The simplest schemeis to limit the ultimate tensile strength to

somemaximumvalue since it is assumedthat higher ultimate strengths imply
a reduction in the fracture toughness of a material. 3'9 Another approach

is to plot stress versus the crack area of a material and to use this to

establish a proof-test pressure. Figure VII-2-6 illustrates how this is

done First, the curve shown is plotted for a candidate material; then

from the stress analysis of the vessel the operating stress is located

Now from the nondestructive testing capabilities a minimumdetectable crack
size is established, and its intersection with the curve will establish the

stress at which the proof test should be done. This will automatically elim-

inate any vessel during proof testing which has a flaw greater than the
detectable size. From the curve one also has the range of potential crack

growth which, when used in the design, can predict the service life of the
vessel

Another approach3 is to plot the notched strength versus the crack

area (for part through surface cracks) for various strength levels of a

material and then to Select the material which has the highest strength at

the smallest crack area detectable by the nondestructive testing. This is

illustrated in Figure VII-2-7.

Somemanufacturers prefer to check their material against fracture by

performing a proof test which includes cycling to eliminate the possibility

of a precritically cracked vessel escaping detection by their nondestruc-
tive testing techniques. 6'II And finally, the notched-to-unnotched strength
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ratio of a candidate material can be co_red wit_ thq rejection of all
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The completed set of candidate materials which pass every selection

filter should then be tabulated in order of rank. This rank will be the

sum of the material's ability to satisfy all of the requirements of the

selection filters. Rank in this sense need not mean that the material with

the best performance in each category will be the material selected. What

will result is the reduction of all possible materials to a select set,

which will possess tabulated differences in their abilities to satisfy the

selection filters. The presentation of these differences will consequently

establish a means by which a material may be selected once the design is

completed.

Optimum Design Considerations and Processing Variables

As discussed earlier, weight is usually the primary concern for de-

signers of flight-weight pressurized gas systems. One approach in saving

weight has also been previously mentioned, that of using a computer with

weight as the only optimizing objective in a set of generalized shell e-

quations similar to those described in Part VII-4. Another approach is

that of configuration efficiency coefficients, I and yet another is in the

use of a mass fraction, which is defined as the ratio of the weight of the

22
complete pressurized gas system to the weight of the gas to be carried.

In the latter approach the idea is to increase the mass fraction to some

maximum value. This is done by analyzing a number of configurations and

selecting the one with the largest mass fraction. A large number of con-

figurations may be studied if a computer is used to perform the computations.

However, it is not always possible to build an optimumly designed pres-

sure vessel because of various subtleties, which are not apparent during

the design stage. One of these is handling. It is not always possible to

physically move or manipulate a large, thin shell without denting or other-

wise damaging the membrane surface. IO'12'13 It then becomes necessary to

either provide expensive, delicate handling devices and instructions to the

manufacturing personnel or to increase the membrane thickness to a degree

at which it becomes insensitive to existing handling procedures. A second

problem area may be the weld tooling. If the designed joint can develop



sufficient strength with little or no reinforcement, the design program

will indicate this However, it may not be possible to join pieces of the

vessel together in this state. What would be required here is to increase
the weld reinforcement in thickness or extent or both until sufficient

stiffness is attained to be joined using existing tooling techniques with-
out distortion. 6'7 A third problem would be in the location of bosses and

brackets for support structures, etc. If the design program locates a

bracket, which is, for example, on the cylindrical section of a pressure

vessel, then special machining procedures must be expected. Since most

pressure vessels are constructed from forgings and then machined to size,

any obstruction to a complete machining cycle naturally requires individual
attention to overcome Most manufacturers prefer to provide bosses at

either end of a pressure vessel for piping connections and structural sup-
ports to overcomethis problem. 6'7'9 The junction of hemispheres or a

hemisphere to a cylinder is also a likely place to provide support arrange-

ments since there is usually an area of low stress; however, high-stress

risers due to the bending momentare transferred to the adjacent mem-
37,38,39brane.



VII_3 CONSTRUCTIONDETAILSANDSUPPORTSTRUCTURES

As mentioned earlier, joining pieces of a pressure vessel together
has additional design implications, which are not easy to account for.

This is due to the additional bending momentin the membraneadjacent to
a junction, The cause of this momentis easy to understand as it is es-

sentially due to a change in stiffness at that point. Whenthe vessel is

loaded_ one section will tend to deform more than another, at the junction

of a hemispherical head and a cylindrical section. The usual approach is
to consider the membraneas a beamon an elastic foundation and add an ad-

ditional stress to the stresses computedby the membraneanalysis. Refer-

ence 14 maybe used to establish the rough magnitudes of these stresses

for preliminary weight computations, but a more sophisticated approach

should be considered when the exact contour of the junction is required.

One such approach is the use of nonlinear terms in the equilibrium equa-
tions, This is illustrated in _eference 38.

The design of bosses and other connections mayalso be done using

Reference 14 but again only for rough dimensions. For the final design a

technique such as that described in Part VII-4 should be used in conjunc-

tion with the nonlinear theory of shell design.

Seals and sealing techniques are also discussed in detail in Sec-
tion X and will not be considered here.

Little attention is usually given to support structures as they are
usually designed with the main structure of the spacecraft. 5 It is, how-

ever, important that provision for some flexability in support design be
allowed because of changing design concepts while the pressure vessel is

13
in the premanufacturing stage. More important than this is the fact

that between pressure cycles there may be a considerable difference in the

size of the vessel and its associated pipingc This pressure growth must
be absorbed by the supports, and therefore an additional load or flexibil-

ity will be required as a design input for the supports, Often the piping

from the vessel to the first rigid connection is purposely madeas long as



possible to overcomethe possibility of overstressing a valve or the sup-

port structure. In cryogenic vessels the thermal gradient which exists

between the inner and outer vessels is large enough to cause extreme

changes in the stress state of a connecting pipe. Therefore, a long

curved pipe is often used to compensatefor these stresses, while the

supports for the inner vessel have provision for mechanical movement.

A consideration which the project engineer must not overlook, espe-

cially during the testing of a pressurized gas system, is safety. Onemust

be intimately informed about all potential hazards associated with the sys-
tem so that adequate devices and techniques can be established to prevent

an accident. There are four primary categories of hazards for any pres-

surized gas system: I) hazards due to flamability, 2) hazards due to high
pressure gases, 3) hazards due to materials of construction, and 4)hazards

26
associated with inexperienced personnel.

_ lqGj



VII-4 STRESS ANALYSIS

Introduction

The preliminary stages of pressure vessel design usually require the

study of various vessel configurations so that later system requirements

will be met. This entails the use of an accurate but simple design technique.

As described in Part 3 of this Section, a simple membrane analvsis is suffi-

cient to determine the rough weight of a pressure vessel. As it turns out,

this, along with some additional simple techniques of analysis, is also

sufficient for the initial design of a pressure vessel. This part will pro-

vide e_lough basic ideas and equations so that an adequate design of a pressure

vessel may be performed.

A design technique of this sort necessarily ignores many effects associ-

ated with the containment of a gas or fluid under pressure. To do this re-

quires that solae restrictions be imposed on the physical aspects of the vessel

and that the final design is followed by a rigorous analysis, usually with

the aid of a digital computer. Some of the more significant physical restric-

tions are that this treatment covers only pressure vessels which are described

by shells of revolution, and that the pressure vessel wall thickness, t, is

small compared to the inside radius.

From Fi_[. VII-2-1 Jr, Part 2, Equation (i) was developed by equilibrium

and is as follows:

T I T 2
-- + -- = P (I)

R 1 R 2

Ai_d as before, the definition of terms are as follows:

T I = hoop stress (latitudinal stress) (Ib/in)

T 2 = longitudinal stress (nleridian stress) (ib/in)

IiI = radius of curvature in vertical plane (in)

I(2 = radius of curvature in normal plane (in)

t = membrane thickness (in)

P = applied load (pr(_ssure + dynamic + static loads) (Ib/in 2)

el = hoop strain (in/in)



E = longitudinal strain (in/in)2

v = Poisson's ratio

E = Modulus of Elasticity (Ib/in 2) (values may be found in

MI L- HDBK- 5)

p = density (lb/in 3)

w =PA = weight of membrane divided by t (Ib/in)

= hoop displacement (in)

y = deflection (in)

k = spring constant (Ib/in)

I = moment of inertia (in4)

M = ring or membrane edge moment (in-lb)

V = axial force (Ib)

in = logarithms to the base e, (Naperian)

Membrane Analysis

For a membrane under internal pressure P, the following free-body

diagram may be drawn:

Z

_R_ R isin_o-

D

Fig. VII-4-1 Free-Body Diagram of General Shell of RevolutLon

Wh_re_F = O for equilibrium gives:
Z

2_'T2Rlsln2Cb= _P(Rlsin_) 2 (15)



or

PR I

T 2 =
(16)

And Equation (9) along with (i) may be solved for T 1 as follows:

T 1 = PR 1 1 - 2R--_

(17)

And from Equation (IO), if 2R 2_ RI, then the hoop stresses will be com-

pressive. Notice also that for a cylinder R2_and T I = PR I or from

T I PR I

Equation (7), S 1 = t ' therefore, t = S , which is the familiar form for
i

cylindrical hoop stress. To see how T 1 and T 2 are related consider the

following figure.

A A

B

i I
T

2 T 2

Fig. VII-4-2 Shell of Revolution

Showing Relationship of T I and T 2
(Ref. 33)

Here, T 2 at secLion B'B d_ponds upon the area at BB whereas T 2 at A-A

depends upon the area at AA. But since A.A is obviously smaller than

B-B how does T 2 change? Between AA and BB, the change in T 1 is enough

to componsate for the changes in T 2.

As mentioned before if 2R 2 < R I, compressive hoop stresses will

rosult and buckling may follow. The following will illustrate how this

may occur.
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f
/

1
J

__deformed head shape

RI ._ _w...1_inltial head shape

Fig. VII-4-3 Shell of Revolution where R I > 2 R2

D

As r increases the flat portion of the head tends to assume a spherical
2

shape which, since there is extra material in the sharp knuckle region,

will cause a series of shock waves around the circumference 36 If the

ratio of T 1 and T 2 is taken the result is:

T R
1 ]

-- 2 --

T 2 R2

so if a head is designed such that

head. However, this is not as dt_si

R I = R 2 = _ at the apex of a head.

larg_.

RI

R2 - 2, then T I = O everywhere on the

table as is first thought since

This will cause T 2 to be extremely

For shells of revolution with negative curvature, R 2 is replaced by

-R2 and the same analysis follows. (See Fig. VI!-4-4 )

One special case that exists is the torus. Fig. VII-4-5 shows how

the forces are distributed and th__ following equations are developed by

the same equilibrium requirements as before.

(18)

)



Fig. VII-4-4 Shell of Revolution with R 2 Negative in the Shaded Area

I

R _ R°

o q_---- b ----_

2 p

T • _.-._

Torus with Associated blembrane Forces (Ref. 36)Fig. VII-4-5

_F
Z

= O giw_s:

2_T2Rosin_:: _P(R ° - b2) ,

"" T2 2

sin •-

R
O

RI

(19)



And using Equation (I):

T 1 = PR 1 [i D
O

(20)

And the hoop forces become negative if:

(21)

If the cross-section of the torus is circular then Equations (19) and (20)

become :

T2 2

(22)

where :

R 2 = 0 and sin _ -

R - b
O

(Ref. 36)

Displacements

Many occasions arise where the hoop displacements of a membrane are

required to be known. For the usual biaxial stress state encountered

in pressure vessels, Hooke's law is:

)

1 (S I _ u S 2)E 1 = E (23)

And the hoop strain E 1 is defined by

I .g 2.R R

therefore :

_ =E R
1

Combining Equations (7), (23) and (24) gives an expression for the

displacement, 5, in terms of T I and ]2:

= _t (T1 -v l' 2)

(24)

(25)

)

- Do --



Table VII-_-i lists the values of SI, $2, and _ for some common shells
36

of revolution .

Table VII-4-1

S I, S 2 AND _ FOR COMMON SHELLS OF REVOLUTION

SHELL S 1 $2

Cylinder - hoop Pa O

stress only t

Cylinder - hoop and

longitudinal stress

Sphere

Ellipse at equator

Pa

t

Pa

2t

ea

2t

Pa

2t

Pa

2t

pa 2

Et

Pa 2 a

Discontinuity Stresses

Because of the differing stiffnesses between a membrane and a head

or between a membrane and a part, discontinuity stresses develop and must

be considered in design. Figures VII-4-6 and VII-4-7 illustrate some

typical discontinuity problems encountered.

m m I w

(I) Pa 26
Sphere 3 Et

5 Pa 2

_Cylinder - 6 Et

Fig. VII-4-6 Discontinuity Stresses for a Steel ( v= I/3)

Cylindrical Pressure Vessel with a Hemispherical Head

(Ref. 36)

-



D

Cylinder with skirt t = t
s c

_Unpressurized _i

t

Cylinder

t 8
c

Fig. VII-4-7 Discontinuity Stresses

for a Cylinder with a Skirt and A Hemispherical Head (Ref. 36)

From continuity, the radial displacement of the cylinder must match

that of the head. These discontinuities produce bending and compressive

stresses in the membrane which must be added to the membrane stresses as

computed by Equation (i). These stresses are included in the hoop stress

by the addition of the compressive (or tensile) stress S , acting on the
C

radius, and the bending stress, Sb acting around the circumference.

Therefore,the total circumferential (hoop) stresses become :

!

S 1 = S 1 * Sc + S b (26)

Mc

where, as usual, S b - I"

a plate,

and

therefore

Howew_r, because of the lateral restrictions of

t 3
I =

12( I - v 2)

c = t/2

S b =

6M

t2(l _ 2) "

- oH-
D



The longitudinal stress conLains the membrane stress plus the discontinuity

stress found by using the elastic foundation beam formulas° (Ref. 14 )

A beam on an elastic foundation may be thought of as a beam held in

equilibrium under a load by an infinite number of springs, each with the

spring constant k. Figure VII-4-8 roughly shows this analogy.

P

Fig° VII-4-8 Beam on an Elastic Foundation (Ref. 36)

The development of the equations will not be given here but may be

found in References 14 or 23. The solution to the differential equation

for various loading conditions usually encountered in pressure vessel

design is as follows:

Case i. Infinitely long beam, single concentrated load deflection:

and thu slc_p,_ is:

Y = 2k ABx (27)

<i_3(i ..w 2)d
Et

k -

R2

k BBx

(28)

(29)
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FUNCTIONS A
X _

Table VII-4-2

B x' C x' AND D
(Ref. 14)

x

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0.9
1.0
1.1
1.2
1.3
!.4
1.5

1.7
1.8
1.9

2.0
2.1
2.2
2.3
S,,/4
2.4
2.5
2.6
2.7
2.8
2.9
3.0
S.!
w
3.2
$.3
$.4
3.5

A_x

1.0000
0.9907
0.9651
0.9267
0.8784
0.8231
0.7628
0.6997
0.6448
0.6354
0.5712
0.5083
0.4476
0.3899
0.3355
0.2849
0.2384
0.2709
0.1959
0.1576
0.1234
0.0932
0.0667
0.0439
0.0244
0.0080
0

- 0.0056
-0.0166
-0.0254
-0.0320
-0.0369
-0.0403
-0.0423
-0.0431
--0.0432
-0.0431
-- 0.0422
- 0.0408
--0.0389

B/_.r

0
0.0903
0.1627
0.2189
0.2610
0.2908
0.3099
0.3199
0.3224
0.3223
0.3185
0.3096
0.2967
0.2807
0.2626
0.2430
0.2226
0.2709
0.2018
0.1812
0.1610
0.1415
0.1230
0.1057
0.0895
0.0748
0.0671
0.0613
0.0492
0.0383
0.0287
0.0204
0.0132
0.0070
0.0019
0

-0.0024
-0.0058
-0.0085
-0.0106

C_x

1.0000
0.8100
0.6398
0.4888
0.3564
0.2415
0.1431
0.0599
0

- 0.0093
- 0.0657
-0.1108
--0.1457
--0.1716
-- O. 1897
-0.2011
- 0.2068
- 0.2709
-0.2077
-0.2047
--0.1985
-0.1899
-0.1794
-0.1675
-0.1548
-0.1416
-0.1342
- 0.1282
-0.1149
-0.1019
- 0.0895
--0.0777
-- 0.0666
- 0.0563
-- 0.0469
-- 0.0432
-- 0.0383
- 0.0300
- 0.0237
--0.0177

D_=

! .0000
0.9003
0.8024
0.7077
0.6174
0.5323
0.4530
0.3798
0.3224
0.3131
0.2527
0.1988
0.1510
0.1091
0.0729
0.04!9
0.0158
0

- 0.0059
-- 0.0235
- 0.0376
- 0.0484
-- 0.0563
--0.0618
-- 0.0652
-- 0.0668
--0.0671
--0.0669
- 0.0658
- 0.0636
- 0.0608
-- 0.0573
-- 0.0534
-- 0.0493
-- 0.0450
-- 0.0432
-- 0.0407
-- 0.0364
-- 0.0323
-- 0.0283

Ox A_z

3.6 - 0.0366
3.7 -0.0341
3.8 -0.0314
3.9 -- 0.0286

 .g4-00278- 0.0258
4.1 -0.0231
4.2 - 0.0204
4.3 -0.0179
4.4 -0.0155

. 4.5 -0,0132
4.6 -0.0111
4.7 -0.0092

-0.0090. --0.0075
4.9 - 0.0059
5.0 -0.0046
5.1 -- 0.0033
5.2 --0.0023
5.3 --0.0014
5.4 -- 0.0006

o. 0.0000
5.6 0.0005
5.7 0.0010
5.8 0.0013
5.9 0.0015
6.0 0.0017
6.1 0.0018
6.2 0.0019
2e 0.0019
6.3 0.0019
6.4 0.0018
6.5 0.0018
6.6 0.0017
6.7 0.0016
6.8 0.0015
6.9 0.0014
7.0 0.0013
9a'/4 0.0012

B_. C_x D;_

-o.o!21 20.0324....:O.o21J
- 0.0131 -0.0079 --0.0210
-0.0137 -0.0040 ' -0.0177
--0.0140 -0.0008 --0.0147
--0.0140 0 --0.0139
--0.0139 0.0019 --0.0120
--0.0136 0.0040 --0.0095
--0.0131 0.0057 --0.0074
-- 0.0125 0.0070 -- 0.0054
-- 0.0117 0.0079 -- 0.0038
--0.0108 0.0085 -0.0023
--0.0100 0.0089 --0.0011
--0.0091 0.0090 O.O001
-- 0.0090 0.0090 0
-- 0.0082 0.0089 0.0007
-0.0073 0.0087 0.00!4
-0.0065 0.0084 0.0019
- 0.0057 0.0080 0.0023
--0.0049 0.0075 0.0026
-- 0.0042 0.0069 0.0028
-- 0.0035 0.0064 0.0029
-- 0.0029 0.0058 0.0029
-- 0.0029 0.0058 0.0029
- 0.0023 0.0052 0.0029
- 0.00 18 0.004-6 0.0028
--0.0014 0.0041 0.0027
-0.0010 0.0036 0.0026
-- 0.0007 0.0031 0.0024
--0.0004 0.0026 0.0022
--0.0002 0.0022 0.0020
0 0.0019 0.0019

+0.0001 0.0018 0.0018
0.0003 0.0015 0.0017
0.0004 0.0012 0.0015
0.0005 0.0009 0.00 13
0.0006 0.0006 0.00 11
0.0006 0.0004 0.0010
0.0006 0.0002 0.0008
0.0006 0.0001 0.0007
0.0006 0 0.0000



momen t :

and shear: V = --P D^

2 _x

and at x = 0 the maximum values become:

(31)

Ymax 2k

P
M = M -
max o 4B

P

max 2

(32)

These results are summarized in Figure VII-4- 9 and the coefficients for

_x are listed in Table VII-4-2_

Case 2. Infinitely long beam, uniformly distributed load. This

form of loading is shown in Fig. VII-4-10.

' _ : | I : 'g ; }ll ! / t I].--q x
T'rTTTWT tTTTTTT'It!

"lllllllll/lllli'lli'r "I/))l])l])l}}tll71llliililll

)

Fig. VII-4-10 Uniformly Distributed

Load Over a Portion of a Beam on an Elastic Foundation (Refo 14)

deflection: Yo =

slope:

mom_,n t :

shear:

-q-(2-

bl =--q--( +

4_ 2 B_a _b )

(33)

Case 3, Infinitely long beam, single moment or couple_

- RoT-

Figure VII-4-11



describes this loading,

x

"$_T/////IY///I/O//I////I/IIII m

Fig. VII-4-11.

Foundation (Ref. _4)

Mo_

deflection Y - k B_x

slope:

P_, . I P
ho -_ ,

,//i///////J//)l_//i///i//i/ll

Single Moment Acting on a Beam on an Elastic

moment:

shear :

M
o

M = -_- D_x

MB
V - o ,

(34)

Case 4, Semi-infinite beam. _Figure VII-4-12 describes this loading.

t _

o

/_,0"__//z/ / _ / / /////,,//////// -

Y

Fig. V]I-4-12 Semi-infinite Beam on an Elastic Foundation
(Ref. 14)



2p__ 2Mo_2
deflection: y = k x k x

slope: @ _ 4M°_3
=k A_x+ k D_x

moment: P

(35)

D

shear :
V = -PC_x - 2M° B_x

and at x = 0 the maximum values become:

2M _2
2P_ o

Ymax = "-k " k

max k k

(36)

Now with the above equations and superposition, discontinuity problems

may be considered. Also, the examination of these equations lead to the

following results for local loads on a cylindrical shel136o

a) the load is distributed as hoop stresses from deflection and

by longitudinal bending.

b) the load may be considered negligible beyond the distance

x _ 2.45 _/-RRt

As an example of the application of the pcevious development, consider

the problem of a cylindrical vessel with a hemispherical head.

Po IPo

t
!

"I

----_ x vessel

Fig. VII-4-13 Discontinuity at Cylinder to Hemispherical

Head Junction with Internal Pressure P



From Table VII-4-I, stresses and deflections are as follows:

ea

cylinder: Sic = _-

pa 2

$c - 2tE
(2 - w)

(37)

Pa
hemisphere: Sls - 2t

ea

S2s - 2t

pa 2

s - 2Et
(I -w)

(38)

pa 2

s = 2-_" If the thickness of
The difference in displacement is _= _ -

c

the cylinder and hemisphere are equal (t = t ) then the deflections
c s

caused by the shear load V are equal and therefore continuity is satis-
o

fied if the edge moment M = 0 and V = _/2 (Ref. I4). Substituting these
o o

values for M and y into Equation (35), the following results:
o

(39)

From Table VII-4-2, DBK i at x = O, and using the value of k from

Equation (28), a solution for V is:
o

V - P (40)

o
Consequently the total hoop and longitudinal stress for the cylinder at

any x becomes:

* P a P a 3v__P

$1 = -t- 4t D_x +- 4t2#! BBx.

* Pa 3P

s2 : 2-7* --
t24/_ 2 BB×.

(41)



If the ratio of the stresses with discontinuity versus the stresses

without discontinuity is considered as a stress concentration factor, equa-

tions may be developed and plotted for differing 8eometrles 36. One such

plot is for the Junction between a cylinder and an elliptical head and

is summarized in Figures VII-4-14and VII-4-15.

0.20 0.40 0.60 0.80

DEPTH b

RADIUS a

Fig. VII-4-14 Stress Concentration Factors in

Cylinders Connected to Elliptical Heads (Ref. 36)
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Head

Cylinder

I.I

1.0

0.9 Hoop Stress

S 1

Longitudinal Stress

I 2 3 4 5 6 7 8 9 I_

DISTANCE FROM JOINT (k_

Fig. VII-4.15 Stress Distribution Near E11Ipt_eal

Head to Cylinder Joint (Ref. 36)



Influence Coefficients for Lung C xlinders

Solutions to various basic problems of the type just considered have

been tabulated as influence coefficients and are shown in Table VII-4-3.

iJ

Tablv VI1-4-3

INFLUENCE COEFFICIENTS FOR LONG CYLINDERS (Ref. 36)
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Fig. V[I-4.16 Influence Coefficients for Shot1:

Cylindrical Shells (Ref. 36)



Influence Ceefficients for Short Cylinders

If the cylinder is short, a load at one end will produce an influence

at the other end which cannot be ignored. This effectively entails adding

a correction factor to the solution of the differential equation for the

infinitely long cylinder 36. As it turns out, if the length of a cylinder, _,

2=
is less than--2-, i.e.

this effect must be considered 36.

rections.

2_ (42)

Figure VII-4-16 summarizes these cor-

Heads

So far the various head shapes have been ignored, however this para-

graph will outline some properties of interest of the more common head

shapes.

I. Elliptical Heads. Figure VII-4-17 describes an elliptical head in

terms of the stresses and deflections.

$2 _ S1 = Pa2t (b)

)

Pa

S 1 - _2t

Pa

$2- 2t

_

pa2 2-M=

2Et

Fig. VII-4-17 Elliptical Head (Ref. 36)

One disadvantage of an elliptical head is that once the depth, b, is selected

the edge displacement, _ , is fixed and if b/a < 0.707 the edge will move

)
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Fig. VII-4-18 Membrane Forces for a

Typical Elliptical Head (b/a = 0.6) (Ref. 36)
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36
inward under pressure causing an increase in the discontinuity stresses .

Figures VII-4-18 and VII-4-19 show the distribution of forces for a typical

elliptical head.
D

.--4

.,4
,-4 .,4

•,4 0

_ 0
0 O

1.sl
|

l.O__rce at Apex

0.5

O ' ' /_' ' I

_5 0'.6 0.7 0'.8 0'.9 l.O

-0.5 o on Force at

-i.O

-1.5

Depth Radius

Fig. VII-4-19 Membrane Forces in Elliptical Heads Versus b/a (Ref_ 36)

2. Cassinian Heads. An advantage of the Cassinian head is that the

dome and edge displacements may be chosen as required which gives the de-
36

signer a greater flexibility than with conventional shapes . Figure VII-

4_20 describes some properties of Cassinian heads° Reference 27 describes

the Cassinian curves in detail and will not be recounted here except to

point out that the hemisphere and ellipse are special cases of these

curves.

3. Zero Hoop Stress Head. From Equation (18), if the hoop stress

is set to zero, the following relationship exists between R1 and R 2.
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R I = 2R 2 (43)

The general shape of this head compared with a hemisphere is shown in

Figure VII-4-21. As mentioned before the disadvantage with this shaped

head is that the dome is extremely flat producing plate bending phenomena 36.

4. Biezeno Heads--Constant Shear Strength. This type of head is

designed to produce the same shearing stress at each point. But this is

not a good situation if the head material has low ductility and, as with
36

the elliptical head, the edge will move inward under pressure . Figure

VII-4-22 summarizes the various head shapes discussed.

Openings in Shells

Consider first the case of a membrane with an unreinforced opening

as shown in Figure VII-4-23.

R o

T 2 _=Risin_------_ 7 T 2

Fig. VII-4-23 Unreinforced Opening

in a Membrane With Internal Pressure P

By equilibrium, T 2 is found to be:



2uRT2sin_=_ R2p - _R2Po

T2- 2 1 - Rlsi n (44)

and then, with Equation (1), the relationship for T 1 becomes:

PRI I RI 1 (45)

When R = Ro = Rising(at the edge of the hole) Equations (44) and (45) re-

duce to the following:

T2= O,

T1 = PRI I (46)

This, when compared with Equation (9), shows that the hoop stress is twice

that of the longitudinal stress if no hole is present°

By the previous analysis, the effect of a hole in a membrane is shown

to be a stress concentration. Figure VII-4-24 shows how a hole effects

the stress in a membrane.

Lc_gitudinol

oxis

-)
_z _z

(o)

O"
t A t t • & a

i

(b)

Fig. VII-4-24 Variation in Stress in the Region of a Circular Hole

in (a) Cylinder, (b) Sphere Subjected to Internal Pressure (Ref. 14)



To compensate for this increase of stress near a hole, reinforcement must

be added around the hole. As a general rule of thumb the reinforcement

is placed within the limits of non-negligible stress concentration. This

is showngraphically in Figure VII-4-25.

I / I/
A 1 o 18
..... T--_ T - --_:_-------_-

' L-OESr _/ ' r _.___h..--Nozzlo woll thickness

22i_ :
I o ,

I

___ t"_',_ freemen T

b_ ties

j" h-_Vcssel woll

....... t_j_ thickness

l

Fig. VII-4-25 Reinforcement Boundaries

for Circular Openings in Cylindrical and Spherical Vessels (Ref. 14)

For an ideal amount of reinforcement the displacement of the rein-

forcing ring must be matched to that of the membrane. These displacement

forces are shown in Figure VII-4-26.

T 2 T2C°S

!

)_ T2c°s

F = RoT2Cos

Fig. V!I-4-26 Equi librium FoL-ces Around a Reinforced Hole (Ref. 36)



The displacements are as follows36;

FR
o

_ring - ARER

T2R o
8

sphere E t
s

(I -v)

(47)

then since S R = S s for continuity,

T2cos _Ro 2 T2R
_ o (I - v)

ARE R Es t

(48)

or E(Rotcos )
AR- _R [_7

if, as is usually the case, E R = E , then:s

R t cos d)
o

AR - I - v

(49)

(5O)

Many times, however, the area given by Equation (50) is too small to

36
be practical, i°e., not enough area is provided for studs, etc. . In

cases such as this, "rigid" reinforcing rings are used. Figures VII-4-27

and VII-4-28 show the effect of reinforcement location on discontinuity

stress in the membrane°

(o)

(Best )

Outside "_

(b) (c)

(Better) (Good)

Fig. VII-4-27 Diagrammatic Location of Nozzle Opening

Reinforcement, (a) Balanced, (b) Unbalanced Inside,

(c) Unbalanced Outside (Ref. 14)
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When "rigid" rings are used as hole reinforcing the displacements

must be equal to preserve continuity. Figure VII-4-29 graphically des-

cribes a typical case where, for continuity, the points O" and O' are

brought together by applying moments and forces to the ring and shell.

F

"l !o[_i

I

/
!

i

\

Deformed

position

Undeformed

position

Fig. VII-4-29 Spherical Shell with a Reinforced Opening (Ref. 36)

The addition of the moments and forces to preserve continuity must, to pre-

serve equilibrium, be such that their magnitudes are equal and their direc-

tions opposite. Figure VII-4-30 shows these forces in a ring to membrane

junction.

v /_ic-----

P

Fig. Vli-4-30 Discontinuity Moments and Forces (Ref. 36)

To facilitate the analysis of a ring-membrane system of the type

previously described, influence coefficients (displacements and rotations

due to unit values of M and V) are defined as follows36:

- --



Membrane:

#MM' _r°tati°n and displacement due to a unit momentUM_

@MV' uMV _rotation and displacement due to a unit force

_MP' UMp _r°tati°n and displacement due to a unit pressure

Ring:

@RM' URM _r°tati°n and displacement due to a unit moment

0RV' uRV _r°tati°n and displacement due to a unit force

@RP' uRp _rotation and displacement due to a unit pressure

where the signs of @ , u, M and V are established as follows 36.

a) M and V are positive if they act in the direction shown in

Figure VII-4-30

b) _ is positive counterclockwise

c) u is positive if the membrane displacement is increased

d) the membrane displacement is positive outward

Since these influence coefficients are unit values they must be multiplied

by the loads to give the true rotation or displacement. The total values

of rotation and displacement become:

Membrane:

total displacement:

uM = UMpP UMHH - uMV V

total rotation:

0 M = 0MI,#1+ OMvV- OMpP

(51)

(52)



R_ng:

total displacement:

uR = uRVV + URpP- URMM (53)

total rotation:

OR = ORPP + 8RvV " ORM M
(54)

Compatibility then requires that:

u R uM

and 1
0 R = 8 M

(55)

By substituting Equations (51) through (54) into (55) gives the following

equations for M and V.

M

V

+ ( + uMV )( 8MM eRM) uRV

P L(uMp - uRp)( 0MM +

p-

(UMM URM) ( #MV 6RV )

0RM) (% + 0Rp)(UMM- URM )] (57)

( OMM + 0Rbl)(uRV + ubl V) (UMM - URbl)( OMV ORV)

Hemispherical Heads

Reference 36 lists the following displacements and rotations for

hemispherical heads. They will be reproduced here without comment.

Displacements :

W
C

uMV -
E_

O

UMM =

uMp =

X
(2

Et_
O

2
a (I - v )sin

2Et

(5a)

)

)



Rotations:

X
C

_MV- Et_o

Xd

_MM = Et2_

O

(59)

= O'
MP

where W , X
C C

tions.

and Xd are functions of Go" Figure VII-4-31 shows these rela-

For heads other than hemispherical, Equations (58) and (59) become36:

2

PRlsin_o [ R__!_l]UMp - 2Et RI(2 -P )I- R2

and the relationship for Go becomes:

I (60)

J

R
o (61)

= i_82--

o
With these results, Equation (7) becomes, for the longitudinal stress,

(if the reinforcing ring has an area greater than ideal, the longitudinal

stresses at point o are larger than the hoop stresses36):

T2 V 6M

$2 t t cOS_o t 2
(62)

where the plus sign before the last term is for the outer surface of the

membrane and the negative sign for the inner surface 36. Table VII-4-4

summarizes the influence coefficients for various reinforcement types.

In placing the reinforcement, one has the choice of placing the ring

completely inside, completely outside or symmetrical with respect to the

membrane. Figures VII-4-32 through VII-4-38 show the effect of this

ring geometry on stresses which were summarized in Figure VII-4-28.
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p= a--. " E
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o

-_: = 1.82

Fig. VII-4.31 Influence Coefficients for a Small

Openlng (O°< _o<10 °) (Ref. 36) )
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Fig. VII-4-35 Stresses at the Ring-Membrane Junction

for a Symmetrical Ring (Ref. 36) )
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The treatm_mt of openings at points other than the apex of a head is

extremely complicated and whena problem of this type arises it is wise to

consult directly with the stress analysis people. Figure VII-4-39 shows the

stress distribution around a typical off-apex reinforced opening.

1.O

0.5

 i°rcesAtinOnRing
I _ Hole with Reinforcing Ring

14 \

l l

q7

r

I i
l l

I I

_-- Meridian Force, T 2

Hoop Force, T 1

)

Fig. Vli-4-39 Off-Apex Opuning in a Head of Arbitrary S'hape (Ref. 36)



Concentrated Loads

Many times a membrane will be subjected to loads which are concentrated

in a small area. Here the membrane forces are extremely high and, if bending

stresses were neglected, would approach infinity. Usually it is safe to assume

that the effects of a concentrated load are negligible in a region defined by

the radius r where r ) 1.9R_'(Ref. 36). Figure VII-4-33 shows the stress

concentration encountered when a membrane is reinforced with a rigid insert,

while the following Figures (Ref. 41) show some common types of concentrated

loads and their associated stresses and deflections. These stresses and de-

flections must be added to those due to other types of loading.
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i

Cylinders

Case I.

2b

I z
Fig. VII-4-41 Cylinder with Radial Load P (Ib)

Concentrated on Area of Radius b at a Distance _ from an End

The maximum bending stresses at the load are as follows:

_remote from ends;
SI =-_ [0.42 In 0"215a+b 6--Y14'-t

$2 = -_ [0 42 In 0'215a +_-_" b

for b/a < 0.05. If b/a > 0.05,

(63)

= --P-_-- In O.3a

SI = $2 = Smax 2t 2 T

close to an unsupported end,

I P [ O. 215aS1 : - _ 0.42 In b
4_I_0"7a_ _

where, if._+ b > 0.7a the load is remote,

A
t _

0.215a

b

wl,ere, if _ > 0.2a the load is remote.

(64)

(65)

(66)

- q3-



_remote from ends:

_close to ends_

The maximum radial displacements at the load are:

O. 13SPa 2

= _ Et 3

_=_L'[o._-o._(_)°_]
Et 3

where if.t > 2a the load is remote.

(67)

(68)

Case 2.

P

)

Fig. VII-4-42 Uniform Radial Pressure (P Ib/in of Circumference)

The maximum moment and bending stress at the load are given by:

where:

3P
S 2 = _-----_

2)%t

r3( i . v 2)

(69)

And the maximum hoop stress and radial displacement at the load is given by:

)



(70)

(71)

Case 3.

b
_m

_D

I o

P

M
o

Fig° VII-4-43 Cylinder with Reinforcing Ring of Cross-Sectional
Area A

M and V are given as follows:
o o

¸V = O.78P A -_ b_!t

o + 1.56t Vat /

(72)

And for a rigid ring or disk (Ref. 41):

M = 0.304 Pat
o

V = 0.78 p k/_-
o

(73)

Equation (72) leads to the following relation for the maximum bending

stress at the edge of the ring:



6M
o

S2 -- _ --_-
t

(74)

When a number of rings are used and are spaced at a distance equal to or

greater than 4/A the influence of one does not extend to the next.

Spherical Membrane

3

Fig. VII-4-44 Spherical Membrane with Load P (Ib) Concentrated

over a Circular Area with Radius r° (Edges Fixed and Held)

)

The following equations give the deflection y, and edge moment M

y= A
pR23(I v 2)- (75)

4_Et 3

P
M = B- (76)o 4_

i

where A and B are coefficients that depend upon (_ = 2 13(1-" v2)]4_t" --

and are tabulated as follows:

a o

A i

B I

I 2

0<985 0.817

0_975 0,690

3 4 5 6 7 8 9 10

0.515 0.320 0,220 0.161 0.122 0.095 0,O75 O.061

0.191 -0.080 _0.140 -0.117 -0.080 -0.059 -0,034 -0.026 )



Thick-Walled Pressure Vessels

The membrane analysis previously developed assumed, among other

things, that the stress distribution across the thickness, t, was constant.

In an actual pressure vessel this is not true but the error introduced with

this assumption is usually so small as to be insignificant and therefore,

is ignored. Reference 23 describes the case of a cylinder where, if the

outside radius, b, is I.i times the inside radius, a, the difference between

the maximum (inside wall) and minimum (outside wall) stresses is only

about 10%. Other authors 14 suggest that when the thickness is 20% of the

inside radius, the maximum stress is only about 10% higher than the

average (membrane) stress. This gives an a/t ratio less than 5 as the

break-off point for membrane analysis. The best rule is, however,

"if in doubt--check" since this ratio depends upon the material used and

the designer's previous experience. References 14 and 23 provide the type

of analysis presented here for thick-walled pressure vessels.



VII-5 bIATERIALBEHAVIOR

The analytical treatment of pressure vessels is accomplished through

the two mutually complementary disciplines of stress analysis and failure

criteria. Whereas stress analysis provides the distribution of stresses

in the structure, it is the failure criterion which permits the prediction

of limiting loads or the safe useful life of the structure. In recent

years fracture has been the subject of a considerable research effort.

This effort has borne three distinct fruits. The first benefit provides a

degree of sophistication to the earlier, conventional theories. Secondly,

analytical and experimental work has been performed which provides better

insight into a relatively obscure phenomenon. Finally, much new theory

has been developed in two relatively fertile fields which will be described

herein as they pertain to pressure vessel design: fracture mechanics and

statistical strength theory.

Phenomenologica! Theories

The stress at a point is completely defined by nine components of

stress or by three principal stresses as follows:

I I]% _xy _ "aI 0 0

L_x _y o-,.j o o3

A failure criterion can be simply a mathematical relation among these

stress components which states that failure occurs when a certain combin-

ation of the stress components attains a critical value. Such a simple

mathematical formula based on the stress state alone is called a phenomen-

ologJcal theory. The most common phenomenological theories which are found

useful today are listed in Table VII-5-1.

As an example of how one employs the various fracture theories, con-

sider the following. Using the maximum-tensile-stress theory of failure

= T = T = T = O,
for elemLmtary pressure vessel theory, Orr re z8 zr



TABLE V!I-5-1 PI_ENOMENOLOGICAL FAILURE THEORIES

FAI LURE

CRITERIA

Maximum

Tensile

Stress

Maximum

Tensile

Strain

TYPE OF

MATERIAL

TO WHICH

CRITERION

IS APPLICABLE

Used in Design

With Brittle

Materials

Brittle

Materials

Ceramics

Glass

Graphite

MATHEMATICAL FORM

OF CRITERION

(PRINCIPAL STRESSES)

o-12_ f

o-i-v(=2+ 5) _>o-f

MATHEMATICAL FORM OF

CRITERION (COORDINATE

STRESSES)

2 xy.

(%*
=(l-V), 2_Y)

]/_x__y _2 2 ½
+ T

+ (I-V).\ 2 _ xy '

Maximum

Shear

Stress

Ductile

Materials

j Metals

; Polymers

=I =3 >- _ _f Ef= 2"l_x-_ 2+ T _ "½
._ 2# xy

Maximum

Strain

Energy

Distortion

Energy

Theory

Internal

Friction

Theory

Mohr

; Plastically

! flowing solids

i

Ductile

Materials

Brittle

i aterials

i (Empirical)
!
' Brittle mater-

ials allow ad-

justable ratio

of ultimate com.

- 2_c=i=2÷5 =3÷=35_]_

2 2 2

2 3

" _ +5% ÷55.)]½

.,, >_o-'f t

- ,_I - 3 _ **

[4+o$+z
- 2v(_ +_y_ +_))

xy y z z x

2+ 1.2 _½
+ 2(l+V)(T2y + "ryz zx-

1[(% )2J:°" =,,/_. -o" + (o- -=" )
Y 2 y z

+ (cr -(_ )
z x

2 2 t.
+6( 1'2 + 1" + 'r )]'_'

xy yz zx

Theory pressive

: strength to

• ultimate ten-

sile strength

where oft = tensile failing strength

afc= compressive failure strength

Y- = shear failure stress
_s

*

**

is th_: fracture stress in simple tension.

== tan-lf where f = coefficient of friction. This theory is postulated

undor the assumption of a frictional resistance to sliding on the plane
of shear.



a0 @ = pa/t, and Ozz = pa/2t° Clearly a## >Ozz and therefore the limiting

t%
pressure for a given geometry is p - . Also the design sizes for a

a
a of
- - . Using a distortionvessel to sustain a given pressure are t p

energy failure criterion these same two relationships are

2tof of
p - - 1.16t--

a%r-3 a

and

ofa = 2 of _ 1.16 --

t _-_ p p

Clearly, using a distortion energy criterion results in a 16% higher

pressure capability for a given size tank and a fixed a_. Expressed an-

other way, the thickness of the tank using the distortion energy failure

criterion can be 16% lighter than that using the maximum-tensile-stress

theory of failure°

In general the following comments should be applied to phenomenological

failure theories. Currently, no theory yet developed will be seen to hold

for all materials. Ductile materials appear to be best characterized by:

I) Maximum Shear Stress

2) Distortion Energy

3) Octahedral Stress Theory

For brittle materials which exhibit little or no flow prior to failure,

those theories which appear to predict the behaw[or best are:

I) Maximum Normal Stress

2) Maximum Tensile Strain

3) Mohr Theory

For data on the limiting strength of metals used for pressurized gas contain-

ers see References I and 2.

Fracture Mechanics

Pressure vessel engineers employing high-strength steels are particu-

larly interested in the following material properties: yield and tensile

_



strength, fatigue and corrosion resistances, and ductility and toughness.*

While it would be desirable to increase the effectiveness of all of these

properties simultaneously, it is an unfortunate but established fact that

the ductility and toughness of high-strength metals tend to decrease as the

ultimate tensile strength increases. Thus it becomes important for a de-

signer to have some measure of the resistance of the material to crack

propagation in addition to the usual tensile property data. In addition

it is most meaningful if this knowledge consists of parameters which express

toughness to a natural crack. Such a parameter, K, the stress intensity

factor, or G, the crack extension force, has been well developed by Irwin

and his co-workers.4 The parameters, techniques for measuring K or G, the

theoretical basis for these concepts and methods for applying these tech-

niques are properly the scope of linear elastic-fracture mechanics. The

concepts can be used to predict the loads to cause failure or the maximum

tolerable crack size for a given material which will not lead to rapid

crack propagation prior to failure by excessive plastic deformation.

Three modes of possible crack extension are shown in Figure VII-5-1.

The three stress intensification factors associated with these three modes

are KI, KII , and Ki11 . Since tensile-stress fields predominate in pressure

vessels, and because the majority of practical applications result in fail-

ures typified by Mode I, this entire discussion will be limited to K I.

I

Mode I Opening Mode II Edge Sliding

Fig. VII-5-1 Three Possible Fracture Modes

Mode III fearing

* Defined as the ability of the material to resist failure in the pr_senc_

of sharp notches, cracks, or flaws of internal and external location Ln

the pressure vessel.



Essentially, the fracture mechanics approach states that a crack in

the solid material will propagate when an incremental increase in crack

area provides an increment of elastic strain energy equal to or greater

than the work dissipated. The parameter, G, introduced earlier is the

strain-energy release rate. The relationship between K and G is given by

K =VGE For plane stress

For plane strain

For unstable crack growth (the point at which the energy available for

crack growth exceeds the work done in extending the crack) critical values,

G and K , occur. Through the use of toughness test, K and G for various
C C C C

materials can be determined.

Table VII-5-2 shows the relationship between KI and various geometric

and load parameters for several cases of practical interest. Table VII-5-3

gives the values of Klc for several high-strength materials currently used

in practical pressure-vessel design.

As an example of the application of fracture mechanics to practical

problems, consider the following problem. Suppose that in a specific ap-

plication, such as is shown in Figure VII-5-2, under consideration a crack

of length 2a is noted in the shape. The stress analysis of the component

has shown that o = pr. The material is Vascojet IOOO. From Table VII-5-2
t

the stress intensity factor, KI, is given by

K I = 1.12a _V_--a

Furthermore, from Table VII-5-3 we see that for Vascojet IOOO, Klc =

34 ksi_-_. (for a 3OO-ksi ultimate tensile strength). In addition, the

length of the longest crack in this structure has been determined to be

O.150 inches. Then the pressure at failure would be

t Klc
-- 44 t ks i

P - r
1.12 _V_-a r



Also stated another way the geometric dimensions of the component to re-

sist fracture at a given pressure would be

t
- = 0.0226p
r

9

If the problem of interest were to define nondestructive test techniques,

the relationship

a ---

2

_" .T2p

would enable the test engineers to establish the minimum required resolu-

tion of the equipment to locate critical size cracks.

Finally, although a comparison of the two methods for failure criteria

cannot, in the strictest sense, be compared for the cylindrical pressure

vessel, (0,= pr/t, Oz = 2P_t) , some measure of the importance of the frac -

ture m_chanics concept can-be gained from the following. Assume the same

Vascojet IOOO material as before with a crack of length = 0.250 in. but

oriented perpendicular to the o = pr/2t direction. From conventional
Z

failure criteria (distortional energy)

p = 1.16t %/r = 348 t [ks 0
r

From fracture mechanics (for a = O.125), we use the stress intensity fac-

tor shown in Table VII-5-2, for the infinite cracked sheet with uniform

normal stress at infinity, K I = O_. Thus

Thus the pressure capabilities of the same tank using fracture mechanics

ark shown tc_ be only 317, of those using a conventional failure criterion

even when th_ • detected crack is oriented perpendicular to the smaller of

the tWo principal stresses.

)

* A crack of length I/8 in. seems to be the smallest detectable bv current

inspecLion techniques.



O-

Edge Notch in

semiinfinite

sheet subject to tension

K I = 1.12 ,Y "_la

KII = Kill = O

!

Fig. VII-5-2 Example of Practical Appli-

cation of Fracture Mechanics



Table VIIo5-2

STRESS INTENSITY FACTORS FOR VARIOUS SHAPES AND LOADS
3

STRESS FIELD STRESS INTENSITY

AND GEOMETRY OF CRACK FACTORS

2a

Infinite Cracked Sheet With Uniform No

Normal Stress at Infinity

L

r

2a

r

Infinite Cracked Sheet With Uniform

In-Plane Shear at Infinity

r

0

l

I

r

Infinite Sheet With Tunnel Crack Subject

to Out of Plane Shear at Infinity

KI = _V _

KII = Ki11 = O

KII = T_

K I = KIII = O

REF

47

47

47

)



Table VII-5-2 (contd)

STRESS FIELD STRESS INTENSITY

AND GEOMETRY OF CRACK FACTORS

Xo_

iol
i
I

!

Crack in Infinite Sheet Subject

to Arbitrary Force and Couple
at a Remote Point

A Concentrated Force on the

Surface of a Crack in an

Infinite Sheet

At right end:
1

2_-'_{I + K)

K(a+ z )
O

(_2 . a 2) ½
O

a(P - iq)(_
O

+

a + z °

-I +K 1

- z ) + ai(l + K)M
0

(_ - a)(_ 2 _ a2) _
0 0

K = (3 -v)/(l + v) for plane stress

K = 3 - 4v for plane strain

Z = X + i V
0 0 " '._

z =x -iv
O O "O

K
I

 -v-Tj V

K = 3.4v (for plane strain)

Ref.

47

47

__-G



Table VII-$-2 (qontd)

STRESS FIELD

AND GEOMETRY OF CRACK

Inclined Crack in Uniform Tension

in Infinite Sheet

O" (_

i ! q

Curved Crack in Equal Biaxial

Stress Field

v

b_

Central Crack in Strip

Subject to Tension (Finite
Width)

STRESS INTENSITY

FACTORS

KI 2_
(I + sin -x-,)

O_ sina(12 + COSa)) ½

(TI_)½

KII (i + sin2_ )

K I

sina ( I cos,* _))_2

= crk/q_ f(X)

)_= a/b

0.074

O. 207

0.275

0.337

O. 410

O. 466

0.535

0.592

f()_)

1.O0

1.03

1.05

i .O9

1.13

1.18

1.25

1.33

_EF.

47

47

m

47

89

90

91

92

93

D

)



Tab Ie

I

ql
I

O-

STRESS FIELD

AND GEOMETRY OF CRACK

VII-5 2 (contd)

STRESS INTENSITY

FACTORS

the

I

L

r

KII = O

ONE CRACK TWO CRACKS

f(L/r) f(L/r)

Uniaxlal Biaxia] Uniaxia[ Biaxial

Stress Stress Stress Stress

At

3.39

2.73

2.30

2.04

1.86

1.73

1.64

1.47

1.37

1.18

1.O6

0.94

O.81

0.75

0.707

q--a
L

Cracks from Hole in Infinite
Sheet

q v v"

._IO -

O

O.I

0.2

0.3

0.4

0.5

0.6

0.8

I.O

1.5

2.0

3.0

5.0

IO.O

oo

2.26

1.98

1.82

1.67

1.58

1.49

1.42

1.32

1.22

1.06

1.01

0.93

O.81

0.75

0.707

3.39

2.73

2.4]

2.]5

1.96

1.83

1.71

1.58

1.45

i. 29

1.21

1.14

i .07

1.03

I.OO

near ends

E(__ 2b2 - a
K(M)

KI =.
b2 _( a )

d_
At tile

b2 E(__) 2
K(/,t)

K]I ='rV'_"_ (b 2 a ):'2 _ '

far ends

)

"11 = "_ - _K'.F;/

where _ = 1

2.26

1.98

1.83

1.70

1.61

1.57

1.52

1.43

1.38

I. 26

I. 20

1.13

i.06

1.03

1.00

REE

47

47



Table VII-5-2

STRESSFIELD
ANDGEOMETRYOFCRACK

O- T
Periodic Array of Cracks Along
a Line in a Sheet Uniform
Stress at Infinity

r

r -._F---

Periodic Array of Cracks Along

a Line in a Sheet Uniform

In-Plane Shear Stress at Infinity

Periodic Array of Cracks Along

a Line in a Sheet - Uniform Out-

of-Plane Shear Stress at Infinity

contd)

STRESS INTENSITY

FACTORS

2b _bb) ½KI =_r_ _a tan

K I =
! I Kill = O

KII = fV_a 2b tan ?ra _

K I = KI11 = 0

_a

Kill = _ tan "

K I = KII = 0

l

REF. I

J
t

47

48

47

1

47



S,rRESS FIELD

AND GEOMETRY OF CRACK

Table VII-5-2 (contd)

-_ 2b _-

STRESS INTENSITY

FACTORS

K
I

Single Edge Notch

T
2L

O--

Double Edge Notch

K I =_V_E

KII = KI11 = O

f(alb)

a/b f(a/b) f(a/b)

Ref. 50 Ref. 51

O.I 1.15

0.2 1.20

0.3 1.29

0.4 1.37

0.5 1.51

0.6 1.68

0.7 1.89

0.8 2.14

0.9 2.46

i.O 2.86

1.1.4

1.19

i.29

1.37

I. 50

1.66

1.87

2.12

2.44

2.82

!:]] = glil := 0

f(alb)

f(a/b) f(a/b)

L/b = L/b --+oc

a

b

O.i

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.13

1.13

1.14

1.16

1.14

I. IO

1.02

I.O1

i .OO

f(a/b)

1 L/b = 3

1.12

1.ii

1.09

1.06

I .02

1.01

1.00

1.00

1.00

f:_r L --_use:

=_ _/_-_-[2b (tan _a

"
by Irwin (48)

1.12

1.1.2

1.13

1.14

1.15

1.22

1.34

1.57

2.09

47

50

51

47

l2
I
i



Table VII 5-2 (contd)

STRESS FIELD

AND GEOMETRY OF CRACK

h

\
M

&

Notched Beam in Bending

D

Round Bar in Tension With Circum

ferential Crack

STRESS INTENSITY

FACTORS

KI =
(

KII =

6M

3/2
h - a)

Ki11 = O

g(a/h)

a/h

0.05

O.I

0.2

0.3

g(a/h) a/h

0.36 0.4

0.49 0.5

0.60 0.6

O. 66 70.6

YI• =

Ell =

f(d/D)

"I/D I

3.11

3.2 I

3.31

3.51

3.6 I

3.651

f(d

I

O

O.

O.

O.

O.

O.

O.

O.
i

/D) diD

O. 70

Iii 0.75

155 0.80

185 0.85

209 O. 90

227 0.95

238 0.97

240 i.OO

[EF.

47

49

g(a/h

0.69

0.72

0.73

0.73

i

47

f(d/D)

O. 240

0.237

0.233

0.225

O. 205

O.162

O. 130

O

i

)



Table Vli-5-2 (cont:d)

STRESS FIELD

AND GEOHETRY OF CRACK

o-

Penny-Shaped Crack in an Infinite

Body Subject to Uniform Tension

O-

r-

K! = 2 _'V_-'-

K[! = Kll 1 = O

STRESS INTENSITY

fACTORS

For point on crack edge

determined by angle{_

v ._ og_-a , . 2 _ a 2 2_
r,. - " ..... l. Sll"l "I- ---(_'JS

] _, /J b) • /_)

kll = Kil I = 0

_/T,'2 r , 2 2 ., -I',

J L' '°:'-'""q

EllipLical Crack in Infinite Bo(lv

Sub jr'eL to Uniform Tension

REF.

47

_7

I
,%

--at."..-



Table VII-5-2 (contd)

STRESS FIELD

AND GEOMETRY OF CRACK

An Edge Crack in a Semi Infinite

Body Subjected to Shear

.............................

STRESS INTENSITY

FACTORS

K 1 = KII = 0

Kil I = Tv_a

q

where _ is given by
0

Sc,mi-EIliptical Surface Crack

in Plate Subject to General

Extension

REF.

88

47

87

3



Statistical Fracture Techniques

If one measures the tensile strength of several samples of a ductile

material, the results will usually fall within narrow bounds. On the other

hand, normally "brittle" materials exhibit considerable scatter in the ul-

timate tensile strengths. As can be readily surmized from the preceding

section, the orientation, size, and distribution of flaws within the mate-

rial will give rise to various fracture-strength values. On this basis it

is not possible to approach design against fracture by the conventional

phenomenological theories. On the other hand, it may not be desirable or

possible to inspect the final design for flaws. To overcome this deficien-

cy in an approach to design with brittle materials, various statistical

strength-design techniques are currently being explored.

The basis of these techniques is the distribution of strengths ob-

tained from tests on simple specimens (tensile, bend, etc.). If the fre-

quency with which a certain value occurs is plotted against the value it-

self, the frequency is generally shown to rise to some maximum value and

then fall off again as we move across the range of values. It should be

noted that the extreme (high and low) values do not occur as often as those

which reside at the center. The cumulative distribution function is the

integral of the normalized probability density function. Figure VII-5-3

shows a typical cumulative distribution for a brittle material (Hydrostone

Plaster).

To predict the behavior of relatively complex components from the test

behavior of relatively simple specimens, it must be implicitly recognized

that the statistical input will yield statistical output. Thus, the behav-

ior of the complex components will also have a statistical distribution of

strengths. The design of a component for strength based upon statistical

fracture methods cannot currently be performed for wide classes of problems.

It is possible at present to predict the behavior of large components from

a knowledge of the statistical behavior of a group of smaller-sized compon-

ents. Although analytical techniques have been developed to go from one

stress state to another, actual verification of these techniques for several

materials or even any one class of materials is lacking. In recent years,

this deficiency has been attacked but has not been resolved to date.
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Table VII-5-3

MATERIAL

AISI-4340
II

II

3OOM

Airsteel X-2OO
tl

It

ii

AMS 6434
II

II

It

H-If

High Strength Steel
II

II

o!

Vascojet IOOC
Vanadium Steel

D6AC High

Strength Steel
II

11

Ii

18% Ni Maraglng
It

it

PH 15-7 Mo

Stainless Steel

301 Stainless Steel

301 Stainless Steel

(60% cross-rolled)

304 Stainless Steel

310 Stainless Steel

AM 355 Stainless

Steel

410 Stainless Steel

4330 Low Alloy

Steel

2219-T87 Aluminum

7075-T6 Aluminum

7178-'f6 Aluminum

Ti6AI-4V

FRACTURE TOUGHNESS FOR SEVERAL MATERIALS

191PLOYED IN PRESSURIZED TANKAGE

ULTIMATE

!STRENGTH

(ksl)

280

260

240

280

260

300

280

260

24O

300

280

260

24O

300

280

260

240

300

300

280

260

240

30O

280

260

240

24O

3OO

224

180

180- 200

223

188

233

69

83

88

140

CRITICAL STRESS

INTENSITY FACTOR

K (ksiNi-_
C

86

2OO

180

133

194

85

105

90

125

> 90
>120

>120

2OO

20- I00

47

90

108

34

77

I12

98

130

175

217

160

203

77

95

204

91-119

g6-132

60

163

3O0

IIO

7O

26

56-66

PLANE STRESS

OR

PLANE STRAIN

PI. Stress
II 11

II !I

t! I!

It II

It tl

t! It

It It

II t!

It It

St II

It 1¢

¢1 II

w! Is

tl it

it t!

PI. Strain

PI. Stress
It II

H .

tl 11

Ii il

II II

li t;

II II

It II

II It

tl t¢

It II

It ii

PI. Strain

Pl. Stress

I| t!

It II

II It

IS ,I

PI. Strain

Crack toughness values should be determined by using standard specimens

(recommended by the ASTM Special Committee for Fracture Toughness

Testing) on the material of interest in the thlckness range of interest.

Handbooks containing values of interest do not seem to be available.

Table VII-5-2 contains some of the more useful K I stress factors used in

specimen testing as well as factors used in pressure vessel analysis.

. oxuU -



Temperature and Fracture Transition

Another approach to design against fracture depends upon the influence

of temperature On the fracture behavior of the structural material_

The low-carbon steels have been noted to have a particular sensitivity

to temperature. Above a certain temperature, the fractures are essentially

ductile, but below this temperature the fractures are sudden with little

or no shear or ductility evident and all of the traditional characteristics

associated with brittle fracture. For this class of materials, design

methods based on transition temperature are appropriate. The ultra-high-

strength steels, aluminum alloys, and titanium do not exhibit this behavior

but are brittle at almost all temperatures. This class of materials must

incorporate complete stress analyses in the design, including fracture mech-

anics approaches. Finally, there is a class of metals, notably steels

(tensile strength from 75 ksi to 200 ksi), which are essentially temperature

sensitive since they exhibit mixed behavior at any temperature.

The primary utilization of the transition-temperature approach is in

the selection of materials for a particular application. A material is

generally selected which possesses a transition temperature below the lowest

temperature experienced by the stressed component. Where the comparison is

confined to a particular class of materials, this approach is usually re-

liable and useful and will most likely provide the most fracture-resistant

material regardless of the transition-temperature criterion selected.



VII-6 MATERIALSTRACEABILITYANDCONTROL

Since the basic material for pressure vessels is purchased from out-

side vendors, usually in the form of rough forgings, it is important that

somemethod be used to ensure uniform and reliable components throughout

the length of the program. Traceability of materials is also important as

a premature failure of a pressure vessel requires a thorough investigation
and explanation.

Usually these controls begin with a specification of materials sent

to the vendor_ The content of these specifications varies depending upon

the material, but in general the source of data for mechanical properties,

etc. will be MIL-HDBK-5or other published documents on material proper-
2ties.

A typical procedure for vendor control and material traceability of

forgings will be outlined here. First, the vendor will record the ingot

heat numberand then cut the ingot into melts for forging. Usually the
forging technique is established by the vendor. 2 This is obvious because

a vendor usually has the necessary experience for the particular forging

form, but this should be checkedagainst the vendor's past performance.
The vendor is usually allowed to select tensile specimen from any location

on the forging for his own control, but the location of the tensile speci-

men for the post-heat-treat check are fixed. In most cases the forging is

supplied with a skirt or ring which will provide a number of test specimens
after heat treating. 3'8'12 This, however, does not always give the most

representative results. A hemispherical head, for example, would have the

skirt at the base (equator), while the properties of the forging near the

top of the domewill be unknown. There are ways used to overcome this

problem, one of which is to degrade the material in the test ring during

the heat treating to match the expected lower properties near the top of
3

the dome. Another way is to control the heat-treating process so that

higher properties are developed in areas where the forging operation would
tend to lower them.12 But perhaps the most positive technique (also the



most expensive) is to provide enough extra material on the forging to give
2

a numberof test specimens from each location on the forging. Ultrasonic

and/or radiographic inspection is usually done after the forging is rough
3

machined. Since no repairs of forging defects are usually allowed, it

might be expeditious to have the forging vendor perform these inspections.

After heat treating, the manufacturer will perform a number of tensile,

notched-tensile, and fracture-toughness tests to establish compliance of

the forged material to specifications.

)



Vll-7 TESTING PROCEDURES

After the testing of the welds (Section VIII), a series of qualiflca-

6
tion tests are performed on a number of initial vessels. This testing

3
usually consists of some form of repeated loadings through a burst test.

However, some manufacturers perform much more extensive tests, i.e., ambient

cycling, low-temperature cycling, vibration testing, long-term pressurization

tests, acceleration tests, operating-cycle testing, and helium mass-spectro-

3,5,9,10,12
meter-leak testing.

The routine inspection after qualification usually includes such tests

as ultrasonic, radiographic, and dye-penetrant inspection; vibration tests;

leak testing; strain-rate checks; repeated-load testing (if low-cycle fa-

tigue is considered in the design, the number of cycles for this test must

be considered); and proof testing. 2'3'4'5'6'I0'II In addition, some manu-

facturers may use a low-pressure leak test to ensure proper gasket seating. 5'8

One simple but often overlooked problem encountered while performing a hydro-

static proof test is that leaks cannot be detected if the vessel is sweating

due to the cold test water inside. To overcome this the test water should be

heated slightly so that when outside wetness is observed, one may be certain

that a leak is its cause.

A great deal of design information may be gained from a well-conducted

test program. If, for example, fatigue is expected to play a role in the

design of a vessel, then components may be constructed and subjected to

simulated loadings to determine their fatigue resistance. Strain gages may

also be applied at questionable areas to determine a more accurate stress

state.

Cleaning of the pressure vessels is usually performed in accordance with

applicable government specifications and is established by contractural

agreement. But it is important to provide adequate access openings in the

vessel if internal weld inspection, cleaning inspection, or bladders are

used.



Vll-8 DESIGN EXAMPLE

Introduction

The following example is presented to illustrate the application of

the equations developed in Part 4 (Stress Analysis) for the design of any

pressure vessel under consideration. The particular vessel configuration

(Figure VII-8-1) was selected to provide an example of the various prob-

lems that may be encountered during the course of a design evaluation.

The design procedure requires, first, that a membrane analysis of the in-

dividual geometric elements be performed (Figure VII-8-2), and secondly,

a discontinuity analysis to include junction or edge effects_

Membrane Analysis

The solution to the membrane equations will yield the minimum wall

thickness of the individual elements. When these elements are joined to-

gether, discontinuity stresses develop because of differences in stiffness

between elements° These stresses may be quite large and consequently must

not be discounted in the computation of the final wall thickness.

It is assumed that a rigorous analysis will be performed after the

competing designs have been evaluated and a selection made. Consequently,

a number of time saving simplifications may be used_ The use of these

short-cuts, however, depend to a large extent on the experience of the

designer to avoid the introduction of large errors.
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P = 800 psi Internal gas pressure
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T Ambient temperature, F

F = 125 x ]03 psi
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F = 75 x 103 psi
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E = 28.0 x 106 psi

SF = 1.5 on F
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S = Maximum allowable stress,
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v = 0.3, Poison's ratio AISI Type 301 Stainless Steel

Fig. VII-8-1 Vessel Configuration and Specifications for the

Design Example
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Section I (Hemisphere) .-)

T 2 T 2

Fig. VII-8-3 Free Body Diagram of Section I, Hemisphere

PRI 800(10)

T2 = --2--= 2 = 4000 Ib/in (16)*

T2

S2 = S = t (7)

T2 4000
t _ _ _

S 50000
-- = 0.08 in

- = PR I I - = T2 (17)
T 1 = PR I I 2-R2

R IO

If, for a thick wall, t = 0.08 >>IO, then the membrane analysis is ade-

quate and :

Its=o
Note that the same result would have been achieved using the formula

given in Table VII-4-1.

*Equations numbered as previously cited in Section VII-4, Stress Analysis.

)



Section II (Cylinder)

RI= lO=a R 2 =

T 2 T 2

Fig. VII-8-4 Free Body Diagram of Section II, Cylinder

From Table VII-4-1, the hoop stress is twice that of the longitudinal

stress; thus the hoop stress will be the governing factor.

Therefore,

Pa Pa 800(10)
S1 = -_-; t = T = 50000 = 0.16 in

a = I0 >> IO
and t O. 16

This implies that the thickness need not be computed by the Lame thick

cylinder formula.41 However this computation is included for information

only.

t = RIL _ S-P

50  oo]: "L_49-_-6-6l

= io[IVE_.o3-I]

= 10(0.015) = 0.15 in

The value of t = 0.15 inch obtained from the Lam_ formula is approximately

the same as the thickness computed using the membrane equations. If the



value of r-- were less than IO, this thickness would becomesignificantlyt
larger than the membranevalue.

Therefore the membranethickness remains;

tll = 0.16 i

D

Section III (Reverse Knuckle)

B

C

T2T2_'f_x R = sin_ = 12,

= 20 0 _ 53°

_ 37 °

Fig. V11-8-5 Free Body Diagram of Section III,

Reverse Knuckle

)

Since RiSin 37 ° = 12, R 1 _ 20 inches. For the maximum stress S,

T I and T 2 must be computed at both SectionB and Section C.

Section B:

PR{ 800(10) = 4000 Ib/in
T 2 -- =' = 2 2

T[ = PR[ 1 - 2R2j 8OO(10) 1 ÷ 10 = 16000 lb/in

16000
' > ' therefore t B = -- = O.32 inagain, T 1 T 2, 50000

(16)

(17)

-DT& I
__)



Section C:

PR
i 8OO(2O)

T2 = -_--= 2 = 8000 Ib/in

( ) (o)= - = 800(20) 1 +
T 1 PR 1 1 2"R2

(16)

(17)

: 16000(3): 48000 lb/in

and since TI> T 2
48000

from Equation (7) tC = 50000-- = O. 96 in

For the sake of simplicity it is assumed that the thickness varies

linearly from a minimum of 0.32 inch at B to a maximum of 0.96 inch at C.

The error introduced by this simplification is negligible in this case.

As such, it is not worth the extra effort required to compute the actual

thickness at each station along the curve. The membrane thickness at these

sections are:

t = 0.32 in
, B

t = 0.96 in
C

Section IV (Knuckle)

C

-- : 14

C

Fig. VII-8-6 Free Body Diagram of Section IV,

Knuckle



Section C :

PRI 800(20)
= 8000 ib/in (16)

T2 = -_- = 2

T I = PR 1 I - = 800(20) 1 - = -16000 ib/in
(17)

7)

At this section, T I is not only greater than T 2, but it is negative as well.

Section D:

PR'_ 800(14)
= 56oo ib/in (16)to

T2 = -_-- = 2

) (RI = 800(14) i - 14 = -44g0 Ib/in

2R 2 2_-5)

The preceding solution server to point out a case discussed previously,

namely, that when 2R 2 < RI, the hoop stress will be compressive. A com-

pressive hoop stress in this knuckle implies that a buckling condition may

exist, and so this loading must be approximated and analyzed. If a short

I _f-"fTT-..\

cylinder (_ <4.9R_ R--_)(Ref. 41)is superimposed over the knuckle as

shown in Figure VII-8-7, the technique in Reference 41, page 318, may be

used to approximate the average thickness of the knuckle to resist buckling.

This is done in the following manner.

Fig. VII-8-7

2=4

tom
R

=i- ',_JFOriginal shape of

/ I_ membrane

=5 II_Approximateshort|l_r_ cylinder with

U _ external pressure

--R_ = 14 cr

Reduction of Membrane to Cylinder for Buckling Analysis

- _7F--

J



The cylinder shown above will buckle when the critical pressure is

given by :

P
cr Et2[ )3(t)2ill4-= 0.807 _a Ra

(from Ref. 41)

and the hoop stress in a cylinder is given by:

P R T 1
cr a = --S = -- and S

cr t cr t
cr cr

(from Ref. 41)

Rearrangement of terms in these equations yields the following formula for

t :
cr

t _ (I- 2) R
cr 0.807E a

Now, all that is required is a value for T I. Since the radius of the

cylinder is the average of the radii of the knuckle, choose T I as the

average of the values of T_ and TID. This gives T 1 = -i0240 ib/in, and

when substituted into the above equation the value for t becomes:
cr

t = O. 129 in
cr

Another approach to this problem is to consider the local buckling of

an axially loaded infinitely long cylinder with its axis perpendicular to

the paper. This configuration is shown in Figure VII-8-8. The equation

for the critical buckling stress, S', of a cylinder loaded as shown is as

follows (Reference 41).

s,=%g

where the approximation requires R to be equal to R 2 of the membrane.

The membrane thickness required at Section,_ to resist the longitudinal

load T 2 is:

8000
t = -- = 0.16 in
C 50000

-  Tq-



D

R2

S !

Fig. VII-8-8 Equivalent Axially Loaded Cylinder with End

Stress S' Equal to the Maximum Value of the Negative Hoop
Stress on the Membrane

and, at Section D becomes:

5600

tc = 50000 = O.112 in

The average thickness thru this section then becomes:

tc+t D
t = - O.136 in
av 2

Comparing this with the thickness of the equivalent cylinder having a

, becomes:critical buckling stress of S' tmi n

S' R _3( l-v 2)
t =
mi n E

or sinco

S | _ m

Tlmax

t
min

then

2
t

mi n

Tlmax R _/3(l-w 2)

E

-ago--



A solution for t follows:
min

2 16000(S) 3(I- 32 ) -3
t = = 4 4xlO

min 30xlO 6

or

t = 0 067 in
min

tmi n is clearly less than the thickness required to carry the Icngitudinal

load and the thickness computed by considering the buckling of a short

equivalent cylinder (Figure VII-8-7). However, since this is only an

approximate solution to the actual buckling problem, a conservative ap-

proach to the final minimum membrane thickness is presented below. The

final minimum membrane thickness should be the larger of the following: (I)

:verage thickness required to resist the longitudinal loads, (2) the thick-

ness required to resist buckling of a radially loaded short equivalent

cylinder, or (3) the thickness required to resist buckling of axially

loaded infinitely long cylinder.

T]l_se values are:

tAr = 0 136 in (T 2 loads)

t = O 129 in (radially loaded cylinder)
cr

tmi n 0.067 in!(axially loaded cylinder)

Since tAv is the governing factor, the membrane thickness becomes:

• _ | . .l



Section V (Elliptical Head)

T2 _ T2

/

(O,b)

Equator

)

Fig. VII-8-9 Free Body Diagram of Section V, Elliptical

Head

From Table Vll-4-1, the maximum stresses occur at the equator (or

junction) and are:

=a I - ; $2=--SI t 2t

whe re

a = 14 (semi-major axis)

b = 7 (semi-minor axis)

Thc_se stresses may also be derived using the radii of curvature given in

Table VII-A-2 of the Appendix. From the above equation and a value of

a = 2b, th_ ho_p stress is again negative at the equator. Notice that the
2

hoop strc_ss for an elliptical head is negative when %2>I, i.e.;

when a> bA/_, and Js positive when a<bA/_. Solving the equation for

the l¢,ngit_uc]inal ._tress, the required membrane thickness becomes:

Pa 800(14)

2 S 2 2 (50000)
= O. 112 in



However, the resistance to buckling must be checked and, since thickness

is derived from the longitudinal stress, the membrane thickness required

at the junction of head and rigid ring must be checked. From Figure VII-8-1,

the geometry in this area is as follows:

6.55

Fig. VII-8-10

L VESSEL

o=
=

I _ _-- Elliptical head

' _-- Rigid headi
Membrane Junction with Rigid Ring

From Table VII-A-2 in the Appendix, the values for R 1 and R 2 are:

and

F

a/ 2 2 b 2 2
R I = _ wa sin a + cos a

2 )3/2

R2 = {a2sin2a + b2cos a
ab

wh e r e

2
sin a = (0.795) 2 2 606)2= 0.632 and cos a = (O. = 0.368

Now

R I : _196(.632)+ 49(.368)= 23 in

596(O.632) + 49(0.368)] 3/2

R2 = 14(7) = 15.4 in



The corresponding stresses are:

TI = PRI 1 - _2
= 800(23) = 4675 Ib/in

PR
l 800(23)

T2 = 2 - 2 = 9200 ib/in

T2 9200
-- = -- = O.184 inches in this

This gives a membrane thickness t = S 50000

area. For buckling of this head, first determine the point at which the

hoop stress becomes zero; i.e., from Equation (17_, R I = 2R 2. This point

2 2(a2sin2a b 2 2 -Ivy- _is at a = + cos a ) and since a = 2b, then a = cos

= 35.3 °. The following diagram is now used to determine the extent of

this negative hoop stress area.

%vessel

(O,b_
Y

Fig. VII-8-11 Coordinate System for Elliptical Head

2 2

Since x + v-- -- = 1 defines the curve and tana = _ , x m 8.1 inches

a 2 b 2 x

and y m 5.7 inches. Considering this area as a short cylinder as done for

Section IV, the following geometry is used for a conservative approximation.

)



I
vessel

Approximate

cylinder

(O,b)

I

14

R
C

B
(a,O)

5.9

cr

Fig. Vii-8-i2 Reduction of Membrane to Cylinder for

Buckling Analysis

-i 5.9
= tan

5.7
a 46 °, therefore the length of the cylinder is

J_ = 8.2 inches and the radius R
C

ula from Reference 41:

= 15.9 inches. Again using the form-

[0TIt
cr 807E ((l'v2) R2) _3/5c

where, as before, T 1 is the average value across the section and is:

(Pa I - = _(800)(14)(I-2) = -5600 Ib/in T I2 2 = Tl(a'°)'O)2

-2_g-



The value for t then becomes:

cr _

tcr _ O.140 in

Now, as before, the average membrane thickness between (a,o) and (x,y)

should be compared. At (x,y) R 1 = 20.1 inches and R2 = 10.O5 inches,

therefore T 1 = 0 and T2 = 8040 Ib/in. Since T 2 _0, the membrane thickness

T2 8040 ½
becomes t(x,y ) = -_ = 50000 = O.161 inches. This value, tav= (O 161+O 1.12)

= O.136 inches, is less than the .140 inch required° Because the average and

required thicknesses are almost equal, let the average be O.140 and make the

membrane thickness at (x,y) be such that ½(t(x,y) + Oo112) = O.140 or,

t(x,y ) = O.168 in.

But, before the above value is selected as the membrane thickness at

(x,y), the buckling of an equivalent axially loaded cylinder should be con-

sidered. In this case, R is taken to be equal to the average R2 across the

region of negative hoop stress. The value of R 2 at (a,o) is:

b2 45

R2 .... = 3.5 ina 14

and at (x,y) is:

Therefore:

R 2 = 10.05 in

R 2 = 6 77 in
av

The critical buckling stress, S', then becomes:

or since:

I E t

S'=__ R2a v

Tlav
S ! _

t



then, by rearranging terms:

2 TlavR2av _3(l-u 2)
t =

E

The minimum membrane thickness in this area then becomes:

2
t c56oo <6. 7 

30xlO 6

-3 2
= 2.08xi0 in

or

t = 0.046 in
min

Now, comparing this value with the minimum values for t found previously

it is clear that the following values of the membrane thickness are

required.

t = O.112 in
(a,o)

t = O.168 in
(x,y)

t(5,6.55) = O.184 in

Section Vl (Upper Opening-Cylinder)

I
RI= _

T 2 T 2

R2 =

Fig. VII-8-13 Free Body Diagram of Section VI,

Upper Opening, Rigid Ring



tVl = 0.32 in

t I = 0.08 in

tll= O.16 in

tA = 0.32 in =-I l---_

(lll)t B = 0.96 in j

--_-----t c = O.ll2 in = t(a,O )

Fig. VII-8-14 Wall Thickness of Pressure Vessel From Membrane Analysis



For this section the analysis is straightforward and tVl is:

T1 PRIt R_ PR1 800(2)

t - S - S _ G]= S - 50000
0.32 inchesm

I tVl = 0.032 inches I

A section thru the vessel would now have the membrane thicknesses as shown

in Figure VII-8-14.

Discontinuity Stresses

Section I to Section II (Hemisphere to Cylinder)

'_ M o

_m-- I I'I_M o Y

Rl=lO=a -_ _--- _c

tll

Fig. VII-8-15 Membrane Displacements when Pressurized

From Table VII-4-1 the displacements, _s and _c are as follows:

Hemisphere:

pa 2
Cylinder: _ - (2-v)

c 2Etll



The difference in displacement _. is equal to _c _s' therefore:

pa2 [itl(2"_) - tll(l'_ ]'_- 2E tltl7 . . .

To find the magnitude of V
o

at the junction must be met:

and M
o

the following continuity conditions

(1)

(2)

The slope of the head must equal the slope of the

cylinder (@s = @c )

The equilibrium displacement of the head and cylinder

must have the same ordinate.

This may be expressed as follows:

Slopes: @s = @c implies the following:

+ _,M O + _s _c,M °_s,p ,V° =

Displacements: (Ys = Yc )

Ys = Ss,p s,V s,M °
o

Yc = 6c,p " '_C,Vo + $C'Mo

'$ = :$c,p _s,p

Therefore:

+ _s,V +_s,M ° $c,p _c,V +_c,M$'s,p o o o

and

=,_S,Vo + SS'Mo + '_'C,Vo $C'Mo

.3

)

Welding also influences the junction geometry; t a__e:c.ximnt_oll

will not be a great deal less accurate if the thickness of the adjoining

membranes are made equal for a distance equal to the critical distance

_:_ 2.45\R/_t

_ 2,qo



For the hemispherical head this distance is:

I

2.45 V(IO)O.16 ---3.1 in = x
cr

The simplified junction now has M = O and y = 3/2 (where _ now =
o

pa 2
). Using Equation (34) (Part IV, Stress Analysis)

2Etll

2V o

which simplifies to

2V a2_
Pa___2 o

4Etll Etll

or

V =P

o

From Equation (28):

_/3( l-v 2)

_/3(I-0.09)

10(0.16)
= I.O16

And from Equation (35):

2Vo_ p pa 2

Ymax - k - 4k - 4Etll

This deflection gives rise to a negative hoop stress as the circumference

EYma x
-- or at

tends to become smaller. The magnitude of this stress is - a '

P__a D There is also a contribution
any point x, the stress becomes

tll Bx"

from the moment produced which tends to prevent cross-sectional strips

from distorting. This stress has, from Equation (34), a magnitude at any

point on the cylinder of + --2- _x "

- 4tll_ ]

_ ql-



To include these stresses, the equation for the hoop stress (S)

must be modified as follows:

Pa Pa D + 3 v____PP
- -- - 2 2 BBx

1 tll tll _x 4tll

Since D_x varies from I to a small negative number (Table VII-4-1) and B_x

varies from O to another small negative number thru a maximum at_x = u/4,

the maximum stress should occur at _x = u/4. The value of this stress

becomes:

8OO(10) (0.322) + 3(0.3)800 (0.322)

S I = 50,000 - O.16 4(O.16)2(1.O16)2

= 50,000 - 16,1OO + 2,250 = 36,050 psi at x - 46
0.77 in

Since this stress is lower than the allowable working stress some reduction

in thickness may be made. However, a recalculation of the discontinuity

stresses would be necessary. This can easily lead to involved iterations

and consequently will be ignored here.

Figure VII-8-16 shows the revised contour of the hemispherical head

to accommodate the discontinuity stresses at the junction to the cylinder.

Section I, Hemispherical Head
Smooth Transition

R = IO in_-"_

Fig. VII-8-16 Final Shape of Joint A

The discontinuity analysis of the remaining junctions will not be per-

formed here but the procedure is straight forward and parallels tile preceding

discussion.

-



VII-9 REFERENCES

1 Gerard, G, (Allied Res_ Assoc., Inc.) Aerospace pressure vessel

design synthesis_ NASA Contract NAS_-928, NASA CR-287, Aug. 1965.

2 Hendry_ G_ (Grumman Aircraft, Bethpage, N.Y,) Private communication,

Sept 1965.

3. Hayes, J., et al_ (General Motors, Allison Div., Indianapolis, Ind.')

Private communication, Oct. 1965_

4 Smith, W , et al (The Boeing Co., New Orleans, La_) Private

communication, Nov. 1965.

5 Fuqua, C , etal, (McDonnell Aircraft Corp , St, Louis, Mo_)

Private communication, Oct. 1965.

6 Meredith, R., et al_ (North American Aviation, Inc., Downey, Calif.

Private communication, Aug. 1965.

7. Fairbairn, G , et al (North American Aviation, Inc., Rocketdyne Div.,

Canoga Park, Calif.) Private communication, Aug. 1965.

8 Felgar, R.P Randall, P.N and Goodman, J. (TRW Systems, Redondo

Beach, Calif.) Private communication, Aug. 1965.

9 Edman, J° and Malthy, L J (Menosco Mfg. Co., Burbank, Calif.)

Private communication, Sept 1965

iO° Miller, K., et al. (AiResearch Mfg. Co., Los Angeles, Calif.)

Private communication, Sept. 1965.

ii Elias, L G., eta!. (Douglas Aircraft, Huntington Beach, Calif.)

Private communication, Sept. 1965.

12 Engquist, R D_, et al (Hughes Aircraft Co., Culver City, Calif.)

Private communication, Sept. 1965. ,

13 Mischel, H.T (Solar, San Diego, Calif.) Private communication,

Sept 1965.

14 Harvey, J F Pressure Vessel Design Van Nostrand Co., Inc.,

P_inceton, New Jersey, 1963

15 Parker, E.R (Ed) Materials for Missiles and Spacecraft_ McGraw-

Hill Book Co., Inc., New York, 1963.

16_ Thielseh, H, Defects and Failures in Pressure Vessels and Piping.

Reinhold Publishing Corp., New York, 1965.

17. McClintock, RoMo and Gibbons, H.P. Mechanical Properties of Structural

Materials at Low Temperatures_ NBS Monograph 13, June I, 1960.

18. Clauser, H R., et al. How materials are selected, Materials in Design

Engineering, pp. 109-28, July 1965

19. Fager, J.A. Development of titanium alloy for lightweight LH 2 tankage.

J. of Spacecraft _, no. 3, 369-75, May-June 1965.

20 Engquist, R.D. Evaluating weldability of various meterials. Welding

Engineer, pp 47-57, Oct 1964_



REFERENCES(contd)

21. Miller, K.J. Welding fabrication of high pressure oxygen vessels for
life support in space. Welding J. pp. 187-93, March 1965.

22. Morita, W.H. Parametric booster tankage design studies. Fifth AIAA
Annual Structures and Materials Conference, AIAA publication C-P-8,
pp. 1-17, NewYork, April 1964.

23. Timoshenko, S. Strength of Materials, Part II. Van Nostrand Co., Inc.,
Princeton, NewJersey, 1930.

24. Rumbold, S.G. The application of cryogenic rocket propellants to space
vehicles. Appl. Cryogenic Eng. pp. 380-90, 1962. Univ. of Calif. Eng.
and Physical Sciences Extension Series, John Wiley and Sons, Inc.

25. Murphy, G.J. and Pearce, P.O. Contamination control in cryogenic fluids
and systems. Appl. Cryogenic Eng. pp. 476-99, 1962. Univ. of Calif.
Eng. and Physical Sciences Extension Series, John Wiley and Sons, Inc.

26. McKinley, C. Safety aspects of cryogenic systems. Appl. Cryogenic
Eng. pp. 255-62, 1962. Univ. of Calif. Eng. and Physical Sciences
Extension Series, John Wiley and Sons, Inc.

27. Flugee, W. Stresses in Shells. Verlag-Springen, Berlin, 1960.

28. Zick, L.P. and St. Germain, A.R. Circumferential stresses in pressure
vessel shells of revolution. J. Eng. for Industry, May 1963.

29. Struik, D.J. Differential Geometry. Addison-Wesley Publ. Co., Inc.
Reading, Mass., 1950.

30. Pascover, J.S., Matas, S.J. and Barclay, W.F. Tough high-strength
steels for aerospace applications. Sixth National Symposiumon
Materials for SpaceVehicle Use Vol. 2, Society of Aerospace Material
and Process Engineers, Nov. 1963.

31. Richards, C.W. Engineering Materials Science. WadsworthPubl. Co.,
Inc., Belmont, Calif. 1961.

32. Gohn, G.R., Herdrath, H.F. and Peterson, R.E. Fatigue of metals.
Materials Research& Standards, pp. 105-39, Feb. 1963.

33. Manson, S.S. Fatigue: a complex subject somesimple approximations.
Experimental Mechanics, pp. 193-226, July 1965.

34. Anon. (Gen. Motors Corp., Allison Div., Eng. Dept.) Pressure Vessel
Presentation. Rept. no. 3410, June 1963.

35. Hurlich, S. Materials requirements for cryogenic temperature applica-
tions. Gen. Dynamics/Astronautics, San Diego, Calif.

36. Cunningham,J.H. Lecture notes on pressure vessel design. Douglas
Aircraft, Santa Monica, Calif., CompanyProgram, Acct. no. 81109-006,
Aug. 2, 1961.

37. Love, G.G. Structural analysis of orthropic shells. AIAA J. i, no. 8,
1843-7, Aug. 1963.



REFERENCES(contd)

38_ Nelson, E.No The non-linear pressure vessel theory, AIAA Ist, Ann.
Mtgo Paper 64-438, Wash., D.C. June 29-July 2, 1964.

39 Timoshenko, S. Theory of Plates and Shells.

40. Muraca, R.F , et al, Design data for pressurized gas systems. NAS7-
105, SRI Projo PSU-4OOO,NASACR-53393, Chapt. X, Nov. 1963.

41 Roark, R.J_ Formulas for Stress and Strain. McGraw-Hill Book Co.,
Inc., NewYork, 1954.

42. Jaffe, L.Do and Rittenhouse, J.B. Behavior of materials in space
environments° ARSJ. pp. 320-46, Mar. 1962.

43. Pence, D.R. (Ed.) (Space Technology Lab., Inc.) UnmannedSpacecraft
Weight Estimation Handbook. AFO4(695)-671, Dec. 1964.

44_ Timoshenko, S. and Goodier, J.N. Theory of Elasticity (2nd edn.).
McGraw-Hill Book Coo, Inc., NewYork, 1951.

45. Whalley, E. Can. J_ Technol. 34, pp. 268, 291, 1955.

46. Costes, W.M. Trans. ASME52, no. 12, 1930.

47_ Paris, P.Co and Sih, G.C_M, Stress analysis of cracks. ASTM Special

Publ. nOo 381, 1965_

48. Irwin, G.R. Analysis of stresses and strains near the end of a crack

traversing a plate. Trans. ASME, 1957.

49 Bueckner, H_ "Some stress singularities and their computation by means

of integral equations", Boundary Value Problems in Differential

Equations, Langer, R.E. (Ed.) Univ. of Wis. Press, Madison, Wis. 1960.

50 Bowie, O.L. Rectangular tensile sheet with symmetric edge cracks°

Trans ASME, J. AppI, Mech_ 31, 208-12, June 1964.

51. Gross, B., Frawley, J.E. and Brown, W.F. Stress intensity factors for

a single edge notch tension specimen by boundary collocations of a

stress function. NASA TN D-2395,

52 Reissner, E_ On the Theory of Thin Elastic Shells. Reissner Anniver-

sary Volume pp 231-47.

53. Timoshenko, S. Theory of Elastic Stability.

54 Potter, M.L. A matrix method for the solution of a second order diff-

erence equation in two variables. Math. Centrum Rept., MR 19, 1955.

55. Radkowski_ PEP°, Davis, R.M. and Bolduc, M.R. Numerical analys_s of

equations of thin shells of revolution. ARS J. Jan. 1962.

56. Spera, D.A. Analysis of elastic-plastic shells of revolution containing

discontinuities_ AIAA J. !, no. II, Nov. 1963.

57_ Mendelson_ Ao and Manson, S.S. Practical solution of plastic deforma-

tion problems in elasti-plastic range. NASA TR R-28, 1959.



REFERENCES(contd)

58. Ester, P.H. Multi-Layered thin shells of revolution with thermal and
plastic strain. Proc. of Fifth Ann. Tech. Sym.Univ. of N. Mex.
Oct. 1964.

59. Bogardus, K.O., et al. (AluminumCo. of America) Results of tensile
tests of various aluminum alloys at -18°, -112°, and -320°F madeat the
AluminumResearchLaboratories.

60. Howell, F.M. and Stickley, G.W. (Aluminum Co. of America) The
mechanical properties of Alcoa wrought aluminum alloy products at
various temperatures. AluminumRes. Lab. Rept. no. 9-47-9, Dec. 12,
1947.

61. Strauss, J. Metals and alloys for industrial applications requiring
extreme stability. Trans. Am. Soc. Steel Treating 16, p. 191, 1929.

62. NBSCryogenic Eng. Lab. unpublished data.

63. McAdam,D.J., Jr., Mebs, R.W. and Geil, G.W. The technical cohesive
strength of somesteels and light alloys at low temperatures. Proc.
ASTM44, p. 593, 1944.

64. Zambrow,J.L. and Fontana, M.G. Mechanical properties, including
fatigue, of aircraft alloys at very low temperatures. Trans. Am. Soc.
Metals 41, p. 480, 1949.

65. Rosenberg, S.J. Effect of low temperatures on the properties of air-
craft metals. J. Res. NBS25, p. 673, RP1347, 1940.

66 Kostenetz, V.I. and Ivanchenko, A.M. Mechanical properties of metals
• O O

and alloys in tension at low temperatures (-196 C and -253 C). Zhur.

Tekh. Fiz. 16, p. 515, 1946, (in Russian). Abstracted in Metal Progr.

54, Dec. 1948 and 55, Jan. 1949.

67. Metals Handbook. Am. Soc. Metals, Cleveland, 1948.

68. Symposium on effect of temperature on the brittle behavior of metals

with particular reference to low temperatures. ASTM, Special Tech.

Publ. no. 158, 1954.

69. Templin, R.L. and Paul, D.A. The mechanical properties of aluminum

and magnesium alloys at elevated temperatures. Symposium on Effect of

Temperature on the Properties of Metals, 198, ASTM and ASME, 1931.

70. Spretnak, J.W., Fontana, M.G. and Brooks, H.E. Notched and unnotched

tensile and fatigue properties of ten engineering alloys at 25°C and

-196°C. Trans. Am. Soc. Metals 43, p. 547, 1951.

71. Anon. (Alleghany Ludlum Steel Corp.) Stainless Steel Handbook. 1951.

72. Hoke, J.H., Mabus, P.G. and Goller, G.N. Mechanical properties of

stainless steels at subzero temperatures. Metal Progr. 55, p. 643, 1949.

73. Anon. (Linde Air_ Eng. Lab.) AFO4 (611)-373, Progr. Rept. no. 7,

Jan. 12, 1959.



REFERENCES (contd)

74. McAdam, D.Jo, Geil, G.W. and Cromwell, F.J. Influence of low-tempera-

tures on mechanical properties of 18-8 chromium-nickel steel. J. Res.

NBS 40, p. 375, 1948.

75. Anon° (Union Carbide and Carbon Co. Res. Labs.) as quoted in Metals

Handbook. Am. Soc. Metals, Cleveland, Ohio, 1948.

76° Krivobok, V.N. Properties of austenftic stainless steels at low

temperatures. NBS circular 520, p. 112, 1952.

77. Krfvobok, V.N. and Talbot, A.M. Effect of temperature on the mechanical

properties, characteristics, and processing of austenitic stainless

steels° Proc. ASTM 50, p. 895, 1950.

78. Schmidt, E.H. Low temperature impact of annealed and sensitized 18-8

Metal Progr. 54, p. 698, 1948.

79. Henke, R.H. Low temperature properties of austenitic stainless steels.

Product Eng. 20, p. 104, 1949.

80. Anon° (Republic Steel Corp.) Republic Enduro Stainless Steel. 1951.

81_ Klier, E.Po and Feola, N.J. Notch tensile properties of selected

titanium alloys. J. Metals 9, p. 1271, Oct. 1957.

82. Anon. (Convair Astronautics Div., Gen. Dynamics Corp.) unpublished
data.

83. McGee, R.L., et al. The mechanical properties of certain aircraft

structural metals at very low temperatures. WADC Tech. Rept. 58-386,
June 1958.

84. Bishop, S.Mo, Spretnak, J.W. and Fontana, M.G. Mechanical properties,

including fatigue, of titanium base alloys RC-130B and Tf-15OA at very

low temperatures. Trans. Am. Soc. Metals 46, p. 993, 1954.

85. DeSisto, T.S. Automatic impact testing from room temperature to -236°C.

Sym. on Impact Testing, ASTM, Special Tech. Publ. no. 176, 1956.

86, Tiffany, C.F. and Lorenz, P.M. (AF Marls. Lab. Res. and Technol. Div.,

Air Force Systems Command, Wright-Patterson AFB, Ohio) An investigation

of low-cycle fatigue failures using applied fracture mechanics. AF 33

(657)-iO251. Tech. Documentary Rept. ML-TDR-64-53, May 1964.



VII-A APPENDIX



Table VII-A-1

i{EMI SPHER f CAL

H

I

D

Depth or Rise 2

Volume. _u. ft. 0.26181) 3

Vo]ume, gals. 1 .9584D 3

Surface, sq.tt.

I,ength of Arc

Pro jet i-ed Area

to Cent reid

Proj. Ar.

1.57 ] I)2

]. 5708D

0. 3927D 2

PROPERTIES OF VARIOUS HEAD S}_PES

0.2878]]

to Centroid 0.3125D
of Mass

Stress (water) D

]bs. per in<-h "

epD

Stress d_le t_¢_

Gas pressure

"p" ibs per
inch

Partial Volume D 2 x 2

within depth ,x _--- -_-....
X (cu.ft .)

I)

Angle at odg(,_ 90 c_

D
-_ ELLIPTICAL

H

,

I)

3

0.17451) 3

1. "_0 56D 3

D
_. ELLIPTICAL

H

D

4

O. ] 3091) 3

0.9792D 3

1.24D 2 I. 084D 2

].322D 1.2]ID

0.26181] 2

0.19 [9D

O. 2 08 31;

I]
1.95D II + :_

0 [

H D
-2.61) 6i * 4

+4.5pD

or 3pj
- 4

0. 1964D 2

_x

I

.... i ....

0.1439I)

O. ] 5631)

D
-1-2.61) I] ÷ -;

D
-2.61) II _ --

3

+bpl)
o_-

- 6pD

900 90 °

SEGMENTAl,

H

FLANGED AND

DISHED HEAD

D.R. i

D.R. =D

K.R. -0.06D

0.169Dh

]. 0472h2 (3r-J0 0. OB]OD 3

7.833h2 (3r-h) 0. 6059D 3

2 rh O.9286D 2

ca] culate angle i. I043D

ca] cu] ate

sec tot'- V

5

J-_ _h (roughly)

8rh - 3h 2

]2r - 4h

2.6r (H -1 h)

6pr

Ca I(-ulate new

vol. on basis

(h-x) & sub-

t rac't

ca] ,-ulate

0.12 551) 2

O.1000D

90 °
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W = iola] load carried, inc]lldiltg d('O,i toad.



R 1 AND R2

Cylinder

=oo R2= aR I

Cone

Table VII-A-2

FOR SHELLS OF RFVOLUTION

=0c R =RI ' 2

- -(O,a,Oi
(a,O,c

.... yi
1

/,

X

zl
C

Parabola

7. = a

___V /
/

/
/

X

R1 sin #cos2# R2 = r= r ' sin_

Torous

Ix
--2/

/i

2a(b+a cos)____ 2a(b+a cos_)

RI = a(b+2a cos _)+b' R2 - a(b-2a cos _)-b

Ellipse

R2 =

Z

(O,O,b)

0..... ,a,O)(

a,O,O)

X/I

a_2sin2_a b 2 2R I = _ Q + cos 0
3

(a2sin2 a + b 2 2 ocos G )_

ab

Hyperbola Z

(_(0 '°'h)
,a,O)

(a,O,O)_--x v

(a2cosh2_ + b2slnh 2 G )2

R1 = ab

R2 _a2c°sh2ab +b2sinh2_
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Table VII-A-3

SHOCK AND VIBRATION LOADING FACTORS

Loading

Vibration

Impact, vertical

drop of a weight

Impact, horizontal

with velocity v

Load Factor

F=kW

di Si7:T: I+

(Ref. 41)

d. S. =_v 2
d S 8_.6d

(Ref. 41)

Remarks

F is the force in Ibs added to the

system, k is the number of "g's" the

system is subject to, W is the weight

of the system.

d.=impact vertical deformation, Si=
1

impact stress, h=height of drop, d=

vertical deformation due to the weight

of the falling body applied as a static

load, and s=static stress.

V=velocity of horizontal impacting

weight, d=deformation of same weight

applied as a static load.
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VIII-I INTRODUCTION

In this section will be discussed those elements related to materials

selection and fabrication, especially welding of pressure vessels. The

success of a particular design is obviously dependent upon the depth and

quality of consideration given to materials selection and fabrication

techniques. One must bear in mind the mechanical behavior of the candidate

materials over the entire temperature range to be encountered in service,

as well as problems of compatibility between container and material being

contained. Welding is an essential fabrication tool, and several welding

processes can be considered.

To assure the greatest likelihood of success, it is important that

materials engineering (metallurgy) and welding engineering be incorporated

as part of the team as early as possible, that is, in preliminary design.

By anticipating problem areas and by providing knowledge of fabrication

techniques, decisions can be made at this stage which may be inconvenient

at later stages.

It is also important at an early point to establish material and fab-

rication control practices. For critical components, material must be

highly pedigreed and adequate records must be maintained regarding all

processing steps to assure the highest quality product. Furthermore, weld-

ing processes and operators must be qualified by adequate initial and

periodic testing to provide that the welding process is under control.
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VIII-2 PROPERTIES OF BASE MATERIALS

Means of Evaluating Mechanical Properties

The most important mechanical test imposed upon a pressurized gas

system is the system proof test. Coupon testing, such as employed for

material and process control purposes or laboratory evaluations, are of

secondary importance." The proof test constitutes the final acceptance/

rejection criterion prior to total system integration and checkout.

Proof testing conditions obviously depend upon the stresses and

other environmental factors which must reflect the anticipated operating

conditions.

The selection of proof testing conditions is perhaps one of the

most difficult engineering decisions. The conditions obviously depend

upon design specifications and operating conditions. However, nontech-

nical factors (e.g., cost and scheduling limitations) as well as tech-

nical compromises may impose significant deviations from the actual or

anticipated operating conditions. Proof tests are often performed util-

izing pressurizing media which are totally different from that to be em-

ployed in the actual system. Ambient temperature tests are sometimes

used despite the fatt that cryogenic or elevated temperature exposures

are involved in actual service. Deviations such as the aforementioned

may sometimes represent excessive departures from reality and should be

accepted cautiously. For example, the fracture toughness of an alloy

may exhibit a marked degradation below some specific temperature (gener-

ally termed the transition temperature). Both Ti-6AI-4V and Ti-SAI-2.5Sn

alloys exhibit such a transition temperature somewhere between liquid

nitrogen (-321°F) and liquid hydrogen (-423°F) temperatures. Suscepti-

biiity to catastrophic failure because of fabrication-induced defects

(e.g., weld flaws, machining notches, etc.) is greatly magnified below

the transition temperature. Tests performed above the transition temp-

erature may result in the acceptance of a truly defective system. Sub-

stitution of the pressurizing medium may also result in the acceptance



of an unacceptable condition. For instance, until recently, inhibited

water was often used to proof test titanium pressure vessels which were

intended for N204 storage on the assumption that N204 was totally com-

patible with these titanium alloys. Testing costs are thereby signifi-

cantly reduced. However, recent findings indicate that N204 may promote

delayed failure in titanium alloys under certain conditions. Therefore,

future tests may require N204 as a pressurizing medium unless the issue

is otherwise resolved.

The lesson derived from the above examples is that proof testing

conditions must not be arbitrary and should simulate the actual service

conditions as closely as possible. Exact simulation is obviously im-

possible. Nonetheless, the engineering decisions should be based upon

the known material behavior, and arbitrary decisions should be avoided,

or if unavoidable, they should be clearly identified as such so that the

risks may be estimated.

Generally common to all proof testing is a cyclic or sustained load

test. Such a test tends to be conservative compared to a rapid load

(single cycle) type of test. The rationale behind a cyclic or sustained

load type of proof test is based, at least partially, on the observed

cuase of failure of actual pressurized systems. Tiffiny and Masters

(Ref. I) illustrate several typical pressure vessel failures. Character-

istically, the fracture origin is usually a small crack or crack-like

flaw which existed in the structure prior to testing or service. Fabri-

cated structures will invariably contain such flaws since fabrication

processes are not perfect and generally produce defects. The types of

potential defects are at least as numerous as the various fabrication

processes. Machining may introduce small crack-like surface defects.

Forming processes similarly may cause surface fissures. Heat treatments,

if performed under poor atmospheric control, may result in surface stress

corrosion cracking (e.g., chlorine induced stress-corrosion cracking of

titanium alloys). Of all the fabrication processes, welding is probably

the cause of the majority of pressure vessel defects. Porosity, lack of

fusion, and both weld metal and heat-affected zone cracks may occur.

D
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Furthermore, the case and chemically segregated nature of the weld de-

posit may often cause an added metallurgical infirmity which, if assoc-

iated with a crack-like defect, may be especially damaging.

Operational pressures or loads in pressurized gas systems produce

gross elastic, not plastic, stress fields during normal service proof

testing conditions. Failed pressure bottles, therefore, ordinarily ex-

hibit very little plastically deformed or yielded material. The impor-

tance of this cannot be overstated. The strength and operational life

of pressurized gas systems must be based upon the fact that fabricated

structures contain crack-like flaws. The lives of such real flawed

structures are controlled bv the flaw size required to cause fracture

(termed the critical flaw size) at the particular operating stress level,

the initial flaw size, and the sub-critical flaw-growth characteristics

of the mater_al (for the particular environmental conditions prevailing

in service). Mechanical testing methods must be performed so as to

assure the load-carrying ability of a structure containing fabrication-

induced flaws. The initial flaw size may be sufficiently large to cause

fracture upon initial loading. Alternatively, it may be small enough

........ at 'he_ s_re*.... ',, can w_hs_a,._ a number _ load cvc!es_ o_A/_ a

prolonged sustained load before the initial flaw grows to a size suffi-

cient to cause failure. Hence, the use of cyclic or sustained load

proof tests provides the opportunity for a "time delay" failure which

could be unwittingly ove_looked if only a short time static test as em-

ployed. ']'he environment_l conditions, as previously discussed, are ex-

ceedingly important. The rate of flaw growth from a sub-critical size to

a size capable of producing failure may be greatly influenced by the en-

vironmental conditions (particularly temperature and the pressurizing

medium).

Fracture mechanics is the discipline which analyzes and provides a

predictive method for establishing the life duration of a flaw-containing

structure such as a pressure vessel. Examples of application are de-

scribed in Section VII-5 of this guidebook and a very comprehensive and

complete review may be found in ASTM STP No. 381, "Fracture Toughness

Testing and Its Applications."
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Properties of Materials Between +300°F and Cryogenic Temperatures

Many factors determine the selection of materials for use in pres-

surized gas systems. Non-technical factors include cost and availability.

The most important material properties are:

a. Strength-to-weight ratio

b. Toughness

c. Fabricability

d. Weldability

e. Modulus-to-weight ratio in cases where stiffness is important

f. Sensitivity to and compatibility with environment

g. Fatigue, especially low cycle

In this Part we will first give a general discussion of the most pop-

ular materials used in pressure vessel construction and the reasons for

their use. Then a sampling of significant properties, mostly mechanical,

between room and cryogenic temperatures will be presented in graphical form.

These data presentations will not be comprehensive; many voluminous refer-

ences can be consulted for implementation. Finally, a discussion of com-

patibility will be presented in later parts of this Section.

It is first important to discuss the significance of the various mate-

rial properties. In order to achieve the strongest structure at the lowest

weight, one wishes to use the material possessing the highest strength-to-

weight ratio. An exception m£ght occur under the circumstance of a material

so strong and imposed loads so low that the section thickness would be so

small as to have inadequate stiffness. Such a situation might be corrected

by optimized design. (See Section VII-2 and 4 for discussions of vessel

buckling under internal pressure and general vessel design.)

Materials used in pressurized gas systems must have sufficient tough-

ness to prevent the growth of the largest defects existing in the system

over the entire range of operating temperature. The loss in toughness

exhibited by many materials at cryogenic temperatures is a strong determin-

ant in selecting optimum alloys for cryogenic applications.

The components of the pressurized gas systems must be formed or shaped

in some way and then welded. Fabricability and weldability are thus essen-

tial in dictating material selection.
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Finally, fatigue or vibration characteristics of materials and

structures are important. Low cycle fatigue is often germane even in

one-shot systems because of the several proof tests that are imposed.

Although extensive past and current research has and is being per-

formed on a variety of alloy developments and evaluations for cryogenic

applications, the number of alloys actually and popularly used in pres-

surized gas systems is small as of this writing. These are the titanium

alloys 6AI-4V and 5AI-2.SSn with the highest strength-to-weight ratios,

cryostretched 301 stainless steel, the nickel base alloy 718, and the

aluminum alloys 2014 and 2219. Some vessels containing room temperature

gases such as breathing oxygen may have been made of low alloy steels

such as AIS14340 or Ladish D6AC. However, such materials are not used at

cryogenic temperatures primarily because of their relatively poor tough-

ness at these temperatures. There has been some interest in precipita-

tion-hardenable stainless steels like A286, 17-4PH, and 17-7PH, but a

recent survey has not revealed current inclination to apply them to pres-

surized gas systems. The nickel bearing, maraging steels are a relatively

new class undergoing intensive development but here again they have not

yet found wide favor in pressurized gas systems, one reason being that

welding practices have not yet been routinized.

The two titanium alloys 6AI-4V (CI2OAV) and 5AI-2.5Sn (AIIOAT) pos-

sess a combination of virtues in their outstanding strength-to-weight

ratio, good fabricability, and weldability. The main deterrents to thei<

use in some cases is their impact sensitivity in the presence of liquid

and gaseous oxygen, a much lesser impact sensitivity to N204, and a re-

cently observed stress corrosion problem in the presence of N204. 6AI-4V

is used in the annealed condition (room temperature yield strength from

120 to 155 ksi) or the heat treated condition, which includes solution

treatment at 17OO°F, water quenching, and aging at IOOO°F (room tempera-

ture yield strength from 155 to 180 ksi). Although these alloys have been

used to contain liquid hydrogen at temperatures down to -423°F, fracture

toughness falls off at these temperatures, and there is some feeling in

the industry that they should not be used at temperatures below -3OO°F.
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Properties of these alloys are affected by the interstitial content

(oxygen, nitrogen and hydrogen) and at least in some cases extra low

interstitial grades (ELI) are specified for increased toughness. The

higher the interstitial content the higher the strength and the lower

the ductility.

Some typical properties of 6AI-4V and 5AI-2.5Sn are presented in

Table VIII-2-1. According to these particular data, 5AI-2.SSn is tougher

to lower temperatures than 6AI-4V, but one must bear in mind the effects

of such things as form and section size, particular heat treatment, and

the presence of welds. Although it is commonly assumed that 5AI-2.5Sn

is more weldable than 6AI-4V, the familiarity of a particular fabricator

with a given alloy has a large bearing on success in welding. It is

probably safe to say that with the current state of the art in the weld-

ing of 6AI-4V this material would be the present first choice of most

fabricators for pressurized gas bottles because of its highest strength-

to-weight ratio, neglecting problems of compatibility.

Table VIII-2-1

STRENGTH-TO-DENSITY RATIOS OF TITANIUM SHEET

ALLOYS AT CRYOGENIC TEMPERATURES (Ref. 2)

ALLOY

6A i-4V

(Annealed)

5A 1-2.5Sn

TEST

TEMP.

oF

+ 78

-iOO

-320

-423

+ 78

-IOO

-320

-423

Fty, psi/

DENSITY

Ibs/cu in

xlO 6

0.76

O.81

1.13

1.38

0.70

0.84

1.14

1.43

Ftu, ps_

DENSITY

Ibs/cu in

xlO6

0.88

1.O7

1.36

1.55

0.74

0.88

1.22

1.52

!NOTCHED-

IUNNOTCHED

TENSILE

RATIO

(K;=6.3)

1.O6

0.93

0.89

O.71

1.34

1.22

1.15

0.97

GAUGE DENSITY

0.063 0.16

0.040 O. 161
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From the beginning of the space effort cold worked 3OO-series stain-

less steels have been attractive for cryogenic applications because of

their combinations of strength-to-welght ratio, low temperature toughness,

excellent formabillty, and good weldability and corrosion resistance. A

relatively new modification which yields even higher strength-to-weight

ratio is the cryogenlc stretch forming of 301 stainless steel. Room tem-

perature yield strength-to-denslty ratios exceeding I,OOO,OOO inches are

reported by the commercial developers* of the process. Following are

some of their data. 3'4

Material

Ardeformed

301SS

Unaged

Aged

Ti-6AI-4V

Yield Strength,

psi
Density, Strength-to-Density. I

Ratio, inches !Ibs/cu-in

240,000

300,000

147,OOO

0.28 855,000

0.28 ' 1,070,000

0.16 920,000

In making cylindrical or spherical pressure vessels by cryogenic

stretch forming, an undersize vessel is first made by conventional fabri-

cation and welding methods. The preform is then cooled to 1320°F and ex-

panded to size (12 to 14% stretch for cylinders and 7-8% stretch for

spheres) by internal pressurization with liquid nitrogen. The plastic

deformation at -320°F transforms metastable austenlte to martenslte.

Strength can then be further increased by a subsequent aging treatment at

8OO°F, typically for 20 hrs.

It is found that mechanical properties are sensitive to compositional

variations that still lie within the 301 specifications, and current re-

search is directed toward optimum compositions.

Among the advantages claimed for cryogenically stretched 301SS, the

following are perhaps the most significant:

I. High strength-to-weight ratio

2. Elimination of necessity for high temperature heat

treatment of finished sized assembly

3. The stretching operation serves as a quality control
measure for base material and welds

*Arde-Portland Inc., Paramus, N.J. who call their process Ardeforming.
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Some unnotched and notched data (K t = 21) for cryogenic temperature

testing of cryogenically stretched 301SS are shown in Figure VIII-2-1.
L_

The highest strength nickel base alloy currently available is In-

conel 718. It is an age hardening alloy containing nominally 19% each

of Cr and Fe and lesser percentages of Mo, Cb, Ti, AI, C and B. Al-

though it was primarily intended for use at elevated temperatures, it

has assumed an important role for cryogenic applications because of the

exceptionally good mechanical properties at room and cryogenic tempera-

tures of the base metal and of weldmen_s, because of its excellent forma-

bility and weldability, and because of its compatibility' with cryogenic

fluids. The solution treating tempera{ure is in the range 17OO-18OO°F

and the aging temperature around 1325°F. From the fabrication point of

view, 718 possesses the virtue that weldments can be aged directly with-

out resolution heat treatments.

Typical tensile properties of 718 sheet are given in Figure VIII-2-2

and fracture toughness data in Table VIII-2-2. From the Table it can be

seen that tensile strength-to-density ratios range from 670,000 to

8,777,000 inches between +300 ° and -320°F.
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Table VIII-2-2

FRACTURE TOUGHNESS OF 718 SHEET (Ref. 5)

TEST

TEll.,
F

MELT NO.

m

-IIO Y 8455

85 Y 8455

* Y 84553 Y 8455

65O Y 8455

650* Y 8455

8OO Y 8455

1OO0 Y 8455

-320 Y 8455

-I tO Y 8455

85 Y 8455

85* Y 8455

350 Y 8455

650 Y 8455

650* Y 8455

i 800 Y 8455
1OoO Y 8455

85 Y 8548

85 HT 4680

THICKNESS,

INCHES

0.027

0.027

0.027

0.027

0.027

0.027

0.027

0.027
0.027

0.027

0.027

0.027

0.027

0.027

0.027

0.027

0.027

0.040

0.050

THERMAL

TREATMENT

CRAH

CRAH

CRAH

CRAH

CRAH

CRAH

CRAH
CRAH

CRH

CRH

CRH

CRH

CRH

CRH
CRH

CRH
CRH

CRH
CRH

YIELD STRENGTH

0.2% OFFSET,

IOOO psi

168.5

163.O

162.5

153.O

141.5

137.5

141 .O

135.O

229 .O

206.5

198.5

195.5

188.5

179.0

182.0

165.3

197.5
193.5

TENSILE

STRENGTH

IOOO psi

212.0

196.0
197.0

191.0

171.5

172.0

188.0

169.0

260.5

232.0

221.O

212.0

205.0

193.5

198.5

180.5

214.5

210.5

NOTCHED

ELONGATION TENSILE Kc

% STRENGTH

IOOO psi

25.0 195.5 •

21.0 183.0 -

21.0 178.0 -

20.0

20.0 158.O

23.0 163.0 -

23.0 156.0 -

24.0 143.0 -

13.0 236.5 196.0

17.0 209.0 185.5
12.0 196.5 174.5

13.0 199.0 179.5
12.0 179.7 157.0

12.O 173.5 147.5

13.0 172.O 150.O

169.O

IO.O 166.5 145.5

13.O 205.5 196.5

12.0 201.5 200.5

O--_tressed at 40,000 psi for IOOO hours at 650 F prior to testing.

CRAH--Cold roiled; annealed 18OO_'/I hour; aged 1325°F/8 hours, FC 20°lhour to IISO°F, AC.

CRH--Cold roiled; aged 1325CF/8 hours, FC20°/hour to l150°F, AC.

Kc--Fracture toughness parameter, IOOO psi _

TS/D--Tensile strength divided by room temperature density of alloy (0,297 Ib/cu in).
NOTE--All tests transverse.

TS/D

713,OOO

670,000

578,000

570,000

877,000

781,OOO

745,000

652,000

608,000

720,000

710,000

NTS/TS

0.92

0.93

O.91

0.92

0.95

O.83

0.85

O.91

0.88
0.89

0.94

0.88

0.90

0.87

0.92

0.96

0.96

NTS/YS

1.16

I.II

I.IO

I.II

1.19

1.22

1.25

1.O3

I.O1

0.99

1.O2

0.96

0.97

0.95

l.Ol

1.O4

1.O4

FRACTURE

% SHEAR

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IOO

IO0

IOO

)
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Of the aluminum alloys, the aluminum-copper 2014 and 2219 are favored

for tankage over the 5000 magnesium bearing series or the 7000 zinc-copper-

magnesium series. 2014 and 2219 have the best combination of strength, low

temperature toughness, weldability, and formability. These alloys are heat

treatable by an age hardening mechanism, an intermetallic compound of alumi-

num and coppe[ (CuAl) being the hardening second phase. Solution treatment

is performed in the temperature range from 9OO°F to IOOO°F and aging at

2OO°F to 4OO°F. _ The T87 condition is sometimes used on 2219; this involves

7% straining prior to aging.

Some typical properties of 2014-T6 and 2219-T81 are given in Tables

VIII-2-3 and VIII-2-4.

Table VIII-2-3

MECHANICAL PROPERTIES OF 2014-T6 ALUMINUM ALLOY O.O63-in. SHEET (Ref. 2)

TEST

TEMP.,
oF

+ 78

+ 78

-IOO

-IOO

-320

-320

-423

-423

DIREC-

TION

Long.

Trans.

Long.
Trans.

Long.

Trans.

Long.

Trans.

Fty,

ksi

65.7

62.8

69.3

63.3

74.4

70.3

86.2

82.3

Ftu,

ksi

73.1

71._

76.4

74.1

87.1

78.7

104.O

102.O

ELONG.

%

ii

ii

12

ii

14

14

17

15

NOTCHED

TENSILE

STRENGTH,

ksi

(K = 6.3)
t

74.5

70.0

79.2

71.O

85.5

78.7

97.8

84.5

NOTCHED-

UNNOTCHED

TENSILE RATIO

i .02

0.98

• 1.O4

0.96

O. 9_8

i.O0

0.94

0.83



Table VIII-2-4

MECHANICAL

TEST
TEMP,, DIREC-

OF TION

+ 78 Long.
+ 78 Trans.
-iOO : Long.
-iOO Trans.
-320 Long.
-320 Trans.
-423 • Long.
-423 Trans.

PROPERTIESOF

Fty'
ksi

52.O
51.O
56.7
54.7
62.2
61.4
70.6
67.5

2219-T81

Ftu ' ELONG,
ksi %

67.5 IO
67.2 iO
73.3 9
72.3 IO
85.2 ii
84.6 12
io2.o 15
102.O 15

ALUMINUM ALLOY O.O63-in.

NOTCHED

TENSILE "
STRENGTH

ksi

(K t • 6,3)

64.4

66.0

68.6

67.0

77.4

76.1

93.4

91.3

SHEET (Ref. 2)

NOTCHED°

UNNOTCHED

TENSILE RATIO

0.95

0.98

O. 94

0.93

O.91

O. 90

0.92

O. 90

D

Some of the data from Table VIII-2-3 on 2014-T6 are converted to

strength-to-density ratios in Table VIII-2-5.

Table VIII-2-5

STRENGTH-TO-DENSITY RATIOS AND NOTCHED-UNNOTCHED TENSILE

RATIOS OF 2014-T6 SHEET 0.O63^IN.

THICK (DENSITY = O. IO ib/inJ)(Ref. 2)

TEST

TEMP

oF

+ 78

-IO0

-320

-423

Fty ' psi/
DEN,qlTV

!b f7_ in

x 106

0.66

0.69

O. 74

0.86

Ftu, psi/
DENSITY.

!b/cu in

x 106

0.73

0.76

0.85

0.98

NOTCHED -

UNNOTCHED

TENSILE

RATIO

(Kt;6.3)
m

i.02

i .04

0.98

0.94

)
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Compatibility of Materials

One of the most important criteria in selecting a material to con-

tain a given working gas or liquid is the compatibility between" the mat-

erial of the container and the fluid being contained. In its broadest

sense the term "compatibility" may be taken to mean an interaction be-

tween the container material and the contained fluid which affects the

operation of the system. A host of mechanisms-- chemical, physical, or

electrochemical-- may be involved, and9 in some cases, the interaction

between the two materials does not proceed automatically but requires

some outside event to initiate or sustain the interaction. An example

of the latter is the explosive interaction between titanium and liquid

or gaseous oxygen when the metal is subjected to an impact while in con-

tact with the oxidizer.

Although not all interactions are harmful to the functioning of the

structure and some may be beneficial, we are mainly concerned here with

interactions which decrease the load-carrying ability of the structure

or promote catastrophic failure. In most cases, the mechanisms whereby

the deleterious effects are produced are not understood in spite of in-

tensive research, and the truth of the matter is that many mechanisms are

involved and their isolation represents research tasks of major propor-

tions. There is, first of all, the purely physical interaction in which

the cryogenic nature of a working fluid may cool the container to a

temperature at which an appreciable portion of its fracture toughness has

been lost. In general, metals which have face-centered cubic lattice

structures do not lose fracture toughness at cryogenic temperatures

(aluminum alloys, nickel alloys, austenitic stainless steels), while

metals which have body-centered cubic (alloy steels) and hexagonal close

packed (titanium) lattice structures do lose fracture toughness at cryo-:

genic temperatures. Thus, the currently popular alloy for pressure

bottles, Ti--6AI-4V, is used with hesitation at temperatures below -300°F

because of its decreasing fracture toughness at low temperatures.

The loss of fracture toughness associated with low temperatures is



not the primary type of interaction with which we are concerned in this

Section. We are here mainly concerned with such things as corrosion of

various types, LOX impact sensitivity, and possibly hydrogen embrittle-

ment.

Corrosion may be considered as the destructive attack of a metal

by its environment by a combination of chemical and electrochemical

mechanisms. Electrochemical action may be established between two dis-

similar metals in an electrolyte such as in galvanic corrosion or be-

tween different regions of a metal in an electrolyte.

One may distinguish at least five main types of corrosion which may

occur singularly Or in various combinations: (i) uniform corrosion, (2)

pitting, (3) intergranular corrosion, (4) stress corrosion, and (5) gal-

vanic corrosion.

Uniform corrosion occurs in completely homogeneous metals, so that

no difference of potential exists between any two points. The material

is removed evenly. Such attack is relatively rare since most metals are

not so homogeneou§.

Pitting corrosion occurs most commonly in metals that contain hete-

rogeneities like inclusions or coring. Different points on the metal sur-

face have different potentials, and local cells are established that re-

sult in pits.

Intergranular corrosion occurs when a difference of potential exists

between the grain boundary and the grain body, leading to progressive

attack at grain boundaries.

Stress corrosion is caused by the presence of a tensile stress,

either applied or residual. Failure may be intergranular or transgran-

ular, and its mechanism is the least understood.

Galvanic corrosion results from the contact of two dissimilar

metals of different potential in an electrolyte.

The presence of stress or strain can accelerate corrosion. In Alum-

inum alloys one can distinguish between stress-accelerated corrosion and

-3Go-



stress corrosion. In the former, stress acts to rupture the corrosion-

weakened grain boundaries, and the corrosive environment further pene-

trates the material. The load-carrying ability of the material is

continually reduced to an extent proportional to the extent of corrosion

damage.

Stress corrosion cracking is the most insidious form of corrosion.

It is least understood and generates cracks which propagate, ultimately

causing brittle fracture. It requires the presence of surface tensile

stresses which may originate from service loads or be residual from

prior thermal or mechanical history such as heat treatment, welding,

plastic working, machining, or assembly.

Although the subject of stress corrosion cracking is much too com-

plex and controversial to do it justice here, the subject is important

enough to warrant the briefest kind of discussion.

Among the various alloys of interest in pressurized gas Systems,

stress corrosion cracking has been studied most extensively in aluminum

alloys with NaCI solution as the electrolyte. Mild steels stress corro-

sion crack in hot concentrated aqueous solutions of nitrates and alkalis;

commercial 18Cr-8Ni stainless steels, 304 and 347, crack in oxygenated

NaCI solutions; and titanium alloys have been found to stress corrosion

crack in elevated temperature chloride salt. Recently, problems sus-

pected as resulting from stress corrosion cracking have been encountered

in Ti-6AI-4V vessels containing N204. There are no universal environ-

ments that cause stress corrosion cracking in all materials. Occurrence

of cracking is unique to a particular combination of material and environ-

ment.

Most of the ensuing discussion of stress corrosion cracking will be

concerned with aluminum alloys since it has received great attention and

it can be used to illustrate the significance of certain generalized

effects such as that of residual stress.

In aluminum alloys cracking generally proceeds intergranularly by

what is generally felt to be an electrochemical mechanism. Galvanic



action is established between anodic grain boundary areas and cathodic

grain bodies. In susceptible alloys cracking can occur in the atmos-

phere with moisture on the specimen surface acting as the electrolyte.

If the electrolyte contains certain chloride ions, as in a marine at-

mosphere, the rate of attack is increased.

A surface tensile stress is required to promote stress corrosion

cracking. The propensity for stress corrosion cracking is usually de-

termined by subjecting specimens to sustained stresses at various levels

in a given environment and plotting a curve of time to failure as a func-

tion of applied stress. The aluminum wrought alloys that exhibit the

greatest incidence of stress corrosion cracking in service are 2014, 2024,

2219, 7075, 7079, and 7178 in various heat treatments. Data for 7075-T6

plate in NaCI solution are presented in Fig. VIII-2-17. It can be seen
that the propensity for failure is highly influenced by the mechanical

working direction relative to the direction of stress applications. For

the conditions represented in Fig. VIII-2-17 the maximumsustained stress
that can be carried in the short transverse or thickness direction with-

out the risk of failure is only 7000 psi.

The pronounced propensity for stress corrosion failure of high-

strength aluminum alloys in the short-transverse direction has implica-

tions in the selection of fabrication methods for pressure vessels. An

example will illustrate the point.

A particular pressure bottle is madeof 2014-T6 and is fabricated

by first extruding a tube 20 inches in diameter, 20 feet long and a

i inch thick wall. The ends are nosed downby forging to a diameter of

4½ inches with an accompanyingupsetting in wall thickness. The metal

flow during this operation turns the flow lines normal to the surface

of the vessel in the nosed-downregion, and a stress corrosion problem
is now anticipated because of the sharply reduced tolerance for sus-
tained load if environmental conditions were to be encountered that would

promote stress corrosion cracking.

To compoundthe problem in this particular bottle the end of the
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nosed-down portion has threads cut into it for attaching a fitting. The

notches cut into the end grain constitute a most undesirable condition

for promoting stress corrosion cracking. One would expect rolled threads

to be less insidious in such a circumstance than cut threads, and if the

thread-rolling operation were performed so as to leave residual compres-

sion stresses at the thread roots, the expectation of a stress corrosion

problem could be vastly if not completely eliminated.

We have now alluded to one effective means of minimizing the suscep-

tibility to stress corrosion cracking. The benefit of induced residual

compressive stresses on the surface of components, especially at holes

or other geometrical discontinuities, is well-documented in the literature.

This is especially important if the machining of the holes or forming of

the geometrical discontinuities leave residual surface tensile stresses.

Not only will the propensity for stress corrosion cracking be reduced,

but an additional benefit is realized in an increase in fatigue life.

The most common method of inducing residual surface compression by

surface plastic working is shot peening. Other methods include forcing

tapered mandrels through holes, using expanding mandrels, surface rolling,

and planishing or peening of welds.

Surface coatings or claddings can also be utilized to delay stress

corrosion cracking. On aluminum, coatings may serve two functions: they

may serve as an anodic sacrificial layer, or they may constitute a barrier

to the corrosive environment. Some results of coating studies by various

researchers are summarized in Table VIII-2-6.

Another form of _atastrophic failure germane to pressurized gas sys-

tems is that due to the impact _ensitivity of titanium alloys in liquid

and gaseous oxygen ands to a much lesser extent, in liquid N204. The most

commonly used device for testing the sensitivity of a given metal in a

given atmosphere is the ABMA impact sensitivity tester, which drops a

known weight a given distance onto a striker sitting on a sample which

is immersed in the environment. The energy required to initiate an ex-

plosion or detenation is determined.



NUMBER

1

5

6

7

8

9

10

ll

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Table VIII-2-6

EVALI/ATION OF COATING SYSTEMS USED FOR PROTECTION OF ALUMINUM ALLOYS (Ref. 3)

COATING SYSTEM ALLOY

Metal spray 7073 I-3 mils + zinc chromate

primer + aluminum paint

Aluminum spray ÷ zinc chromate primer +

aircraft gray enamel

Metal spray 7072, I-3 mils

Aluminum spray + 2 coats zinc chromate

primer ÷ 2 coats enamel

Alumite 204

STRESS FAILURE TIME,

LEVEL days

7075-T6 75% >800

>3500

7079-T6 30 ksi >190

7075-T6 75% 2OO_>18OO

270->3500

ENVIRONMENT

Alternate (a)

Industrial

Alternate

Alternate

Industrial

REMARKS

BY RESEARCHER

Excellent

Alumite 210

Zinc chromate primer + aluminum paint

Anodizing + 2 coats zinc chromate primer

Anodizing + 2 coats epoxy primer

Zinc chromate primer + aircraft gray enamel

3M Primer + Pro-Seal 793 coating

°°

..

Good protection

(b)

(b)

Pro-Seal 779 primer + Pro-Seal 793 coating

Shot peened + iridited

Iridite ÷ BMS IO-39 (epoxy)

Iridite + BMS 10-39 (epoxy)

Irldlte + Buna top coat

Glass peened + Iridite

Sulfuric acid anodize

Zinc chromate primer

Turko-Form No. 514 (rubber-base maskant)

Iridite ÷ Buna top coat

Iridite

Chromic acid anodize

Iridite + zinc chromate primer

Alodine 300 (conversion coating) + Alkatraz
coal tar enamel

A lodine 300 (conversion coating) + A lkatraz
Bitumastic

Alodine 300 (conversion coating) + Del epoxy

Alodine 300 (conversion coating) + Midland

White Organosol

7075-T6

7079 -T6

7079-T6

7079-T6

7178-T6

7178-T6

Extrusions of

7079-T6 and

7178-T6

7178-T6

7178-T6

Fasteners

=

Extrusions of

7079-T6 and
7178-T6

7178-T6

7178-T6

7178-T6

.-

.°

75%

°.

30 ksi

30 ksi

30 ks/

45 ksi

45 ksi

45 ksi

.°

°.

>200->1000

1500

IOO- 190

90-190

90-170

63-100

58-130

47-IOO

30-130

35- tO0

.°

7 -60

3-50

3- 50

2-I00

(a) 3-1/2 percent NaCI alternate immersion I0 minutes in solution, 50 minutes in air.

(b) Improvement was about IO-fotd at 75 percent stress and about 26-fold at 50 percent stress.

(c) Sulfuric acid anodize has proven superior to chromic acid anodize.

(d) Coating is used to protect stress-corrosion assemblies during tests.

(e) Eighty-foot lot at Kure Beach, North Carolina.
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Alternate

Industrial

Alternate

Alternate

Alternate

Alternate

Alternate

Alternate

Alternate

Alternate

°.

..

Effective

Effective

Good

Fair

Poor

°.

(c
Good service

Good service

(d)

Kure Beach

Kure Beach

Kure Beach

Poor

Poor

Poor

Alternate

Alternate

Alternate

Kure Beach (e)

Alternate

..

Poor



Sensitivity under other kinds of loading including penetration by a

bullet, a simulated micrometeroid or other mechanical puncture tensile

fracture, fatigue loading, explosive shock, electric discharge, cyclic

pressure, vibration, and acoustic energy has been studied.

Experimentation has shown that rapid creation of fresh surfaces in

titanium or its alloys in contact with liquid or gaseous oxygen produces

detonation or violent burning. In fact, titanium is almost as reactive

as many organic materials like greases and oils. The catastrophic re-

action occurs over a fracture speed ranging from a few feet per second

to several thousands of feet per second. Of all materials examined, only

zirconium shows reactions similar to titanium. Stainless steels show al-

most no reactivity, and although aluminum is similarly unreactive Under

conditions of impact or rupture, it will ignite under conditions of high

explosive shock.

Protection against impact sensitivity is afforded to varying degrees

by anodizing, coating with Teflon or a fluoride-phosphate material, coat-

ing with copper, nickel, or aluminum, nitriding, or annealing to increase

the thickness of the oxide film.

In view of the potential catastrophic failure in the presence of

liquid or gaseous oxygen in the event of an impact or puncture, titanium

alloys are not recommended. There does appear to be some current feeling

in the aerospace industry that one can design systems that are virtually

accident-proof. However_ designers should be well acquainted with the

risks involved.

Although there is great risk involved in attempting to present in a

single table compatibility data for various metal-fluid combinations, an

attempt has been made to do just this in Table VIII-2-7. It should be

borne in mind that the recommendations made in this table may be contro-

versial, but they represent an effort at systematizing, to some extent, the

consolidated conclusions of many types of compatibility studies. Actually

the particular performance of a given material in a given environment is

so sensitive to system variables such as temperature, moisture content,

)
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pressure, residual stresses, whether or not welds or brazes are present,

and a host of other variables that compatibility tests should be per-

formed under conditions simulating actual service as closely as possible

before a final decision is made.

Compatibility of selected nonmetallic materials with propellants

and oxidizers is presented in Table VIII-2-8.

Additional detailed compatibility data for both metallic and non-

metallic materials are available from the listed references.

Table VIII-2-7

COMPATIBILITY OF SELECTED METALS WITH PROPELLENTS AND OXIDIZERS*

Ti SiS. S.S. S.S. S.S. S.S.

5AI-2.SSn 302 304 AM350 17-4PH 17-7PH
i , |- . |

3 ! i i i i

1 I I i i 1

i i 1 i i i

i i i i i i

3 2 2 2 2 3

3 I 1 I i i

4 I 1 1 3 i

i i I I i I

1 I 1 1 1 1

I 1 l 1 i 1

4 1 1 2 1 1

1 1 1 1 1 1

1 1 1 2 1 1

3 2 2 2 2 2

3 2 2 2 2 2

A1 A1 Ti

iiOO 2024 6AI-4V

02 1 1 3

N 2 1 1 1

H 2 1 1 1

He 1 1 1

H202 1 3

_ _ I 3 3
"2u4

UDMH 1 " 1

Freon 11,12, 1 1

13,14 & 21

C3H 8 1 1

C4HIo 1 i

N2H 4 1 3 4

CO 2 1 1

-NH 3 2 1

CIF 3 2 3

CIO3F 1 3

*The ratings in this table should be taken as onl the roughest kind of

guide since actual performance depends on many system details.

Ratings I. Acceptable

2. Acceptable (limited service)

3. Unacceptable

4. Check manufacturer's recommendations
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Table VIII-2-8

OOMPATIBILITY OF SELECTED NON-METALS WITH CASES AND LIQUID PBOPELLANTS*

02

N2

H2

He

11202

N204

UIMI

Freon- I1

Freon -12

Freon- 13

Freon- 14

Freon-21

C3H 8

C4HI 0

N2ll 4

(I) 2

NH3

C1F 3

CI03F

TEFLON

2

1

1

I

1

2

2

4

I,
4

4

4

1

1

1

1

2

2

1

KEL-F MYLAR VITON YITON POLY- EPOXY/ NEO- RUBBER
A B ETHYLENE GLASS PRENE

2 2 3 3 3 3 3 3

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 3 3 1 4 3 3

2 2 3 3 3 3 3 3

2 2 3 3 3 3 3 3

4 4 4 4 4 4 4 4

4 4 4 4 4 4 4 4

4 4 4 4 4 4 4 4

4 4 4 4 4 4 4 4

4 4 4 4 4 4 4 4

1 1 2 2 1 1 1 2

1 1 2 2 1 1 1 2

1 3 3 3 3 4 3 3

1 1 2 2 1 4 2 2

2 2 3 3 2 2 4 2

2 2 3 3 3 3 2 3

1 1 4 4 1 1 2 3

Ratings

I
2
3
4

Acceptable
Acceptable (limited service)
Unacceptable
Check manufecturer's recommendations

*The ratings in this table should be taken as only the roughest kind

of guide since actual performance depends on many system details.



Delayed Failure

In the preceding Part we discussed the degradation in the load-

carrying ability of a metal due to interaction with its environment. The

degradation may be continuous with slow crack growth until the remaining

cross-sectional area is no longer adequate to sustain the applied load.

At this p_int the member fractures completely, and in this sense one may

refer to a stress corrosion failure as an instance of delayed failure.

Another possibly more common usage of the term delayed failure is

that due to the presence of hydrogen in the material; the hydrogen does

not necessarily originate from the service environment, but more usually

originates in a previous processing operation. This type of delayed fail-

ure, sometimes called static fatigue, can most precisely be termed hydrogen-

induced delayed brittle failure. It is "delayed" in the sense that in its

most pernicious form failure occurs suddenly and in brittle fashion under

the action of a sustained stress at levels as low as 15% of the uniaxial

tensile strength. It is never Observed in compression loading, i.e.,

tensile loads are necessary, and it is more pronounced in the presence of

notches. In general, it is most prevalent in body=centered cubic transi-

tion elements and hexagonal close-packed metals, although it has been pro-

duced in face-centered cubic nickel and nickel-base alloys heavily charged

with hydrogen. Ferritic steels (body-centered cubic) are especially sus-

ceptible to hydrogen embrittlement, while austenitic steels (face-centered

cubic) are especially resistant. Titanium and its alloys (hexagonal-

closed-packed) also have exhibited hydrogen embrittlement and hydrogen-

induced delayed failure.

Most of the research in hydrogen-induced degradation has been performed

on steels over a wide range of composition and strengt h level. Sources of

hydrogen are plentiful, although it can enter the steel only in the atomic

and not the molecular form. These sources are the steel-making operation

itself, from water in the charged materials and refradtories, hydrogen,

and hydrocarbon gases in furnace atmospheres; pickling and many corrosion

reactions can introduce hydrogen into steel; cathodic cleaning, electro-



plating, or electrolytic machining mayalso result in hydrogen pickup.

Atomic hydrogen producing reactions amongconstituents being stored in a

pressure vessel could also conceivably lead to embrittlement or delayed

failure problems.

The presence of hydrogen can have three specific effects on mechani-

cal behavior. It can reduce ductility as detected by percentage elonga-
tion or reduction of area in a tensile test, it can reduce the "true"

fracture stress (terminal point on a true stress-strain curve), and it

can cause sudden failure when subjected to a sustained load at very low
applied stresses. The mechanismsare not understood but do depend upon

diffusion of hydrogen in the steel to points of high stress. The driving

force for the diffusion of hydrogen is either a hydrogen concentration

gradient or a stress gradient. After an incubation period which allows

sufficient hydrogen to diffuse to a point of high stress, a fracture is

initiated at a point of maximumtriaxiality. Fracture then progresses

discontinuously; the time between fracture steps is determined by the time

required for hydrogen to diffuse.

Since the diffusion of hydrogen is essential to the process, the eff-

ects of hydrogen are not seen in fast tests such as impact tests, but are

more evident at the slowest strain rates, such as in a sustained load test.

Also, the effects are reversible if no permanent damagehas been suffered.

Hydrogen will diffuse out of steel at room temperature and more rapidly

at an elevated temperature. If cracking has not yet initiated underload,

then properties will be restored to their nonhydrogenated values if all

the hydrogen is diffused out of the steel.

In the delayed failure of steel under a sustained stress, a minimum

value of applied stress is necessary to cause premature failure. This

minimumvalue is strongly dependent on strength level, decreasing with in-

creasing strength level so that, for example, SAE4340 heat treated to
high strength levels can fail prematurely in brittle fashion under sustained

stresses even less than 10%of the nominal ultimate tensile strength. Such

drastic degradation has been observed in unnotched specimenswhen a criti-
cal combination of stress, hydrogen content, and time was exceeded. The

7o -
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minimum critical stress under which no premature failure occurred is also

a function of hydrogen content; it decreases as hydrogen content increases.

Testing temperature has a strong effect on hydrogen embrittlement,

the most severe effect being within an intermediate temperature range from

-150°F to +210°F. Little effect of hydrogen is generally noted at -321°F

or below, and it also drops off rapidly as temperature is increased above

room temperature.

Another aspect of the hydrogen problem occurs when it is contained at

high pressures and elevated temperatures. Under these conditions the mo-

lecular hydrogen can dissociate to atomic hydrogen, in which condition it

can enter the steel and cause embrittlement and loss of load-carrying

ability. Decarburization of the steel may also occur by what is thought

to be a reaction between hydrogen and iron carbide to form methane.

Hydrogen-induced delayed failure or cracking in titanium and its

alloys have not received nearly as much research attention as in the case

of steel. In this case hydrogen has been observed to have deleterious

effects in loading at high strain rates as, for example, in Charpy tests

as well as at low strain rates or under static loading. Titanium alloys

can absorb hydrogen at room temperature, and there is some suggestion that

the extent or composition of the oxide film can affect the rate of hydrogen

pickup. Some of the incidence of hydrogen embrittlement in titanium

alloys, as well as in steel, is associated with weldments, where the resid-

ual stresses undoubtedly play an important role.

Material Forms and Fabrication

Two material forms are most commonly employed in fabricating pressure

vessels for pressurized gas systems. Machined and welded forgings con-

stitute the most common fabrication approach. The use of machined forgings

with integral bosses and attachments requires only a circumferential girth

weld for assembly. The probability of weld defects is thereby reduced to

a relative minimum. However, material and machining costs may be signifi-

cantly higher than those required for sheet-metal fabrication.
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Formed and welded sheet metal constitutes the second most common

method of fabricating the pressure vessels. Attachments and bosses are

either machined bar stock or forged material which is welded to the vessel.

Occasionally sheet metal is used for the cylindrical section of a cylindri-

cal bottle. The end closures may be machined forgings or drawn heads.

Longitudinal welds may be eliminated by using a flow-turned cylindrical

section, and assembly is achieved by means of circumferential girth welds.

Pressure vessels fabricated by means if the Arde formed process re-

present a unique approach, which is described in Part VIII-3, Joining.

)



VIII-3 JOINING

Introduction

Welding plays a key role in the fabrication of pressurized gas systems.

Among its virtues are its efficiency and versatility in fabricating the

lightest possible pressure vessels and for making attachments, fitting con-

nections, and tubing joints. It is not, however, without its faults. Be-

cause of its possibility of producing defects and metallurgical impairments

it must be closely controlled, and it must be used in its most advanced

technological state if full advantage is to be taken of its potential.

Long experience of the aerospace industry with welding has bred certain

basic tenets which are generally held in the industry, although exceptions

are practiced. These are as follows:

I. There is some reluctance to permit any longitudinal welds in

cylindrical pressure vessels since these are the most highly

stressed, and in some cases they are absolutely forbidden.

The vessel is made in these cases by girth-welding forged sec-
tions.

2. The locations of any welds are chosen so as to avoid the most

highly stressed regions of the vessel, or points of stress

discontinuity as, for example, the point of tangency between

a dome and a straight cylindrical section.

3. There is usually reinforcement in the weld provided, first of

all, by a thickened portion of the forged component prior to

welding in the region of the weld, and, secondly, by using

filler metal to provide a built-up bead. In some cases the as-

welded bead is ground after welding to improve the bead contour

and to provide a better surface for nondestructive testing.

(Some refrain from grinding welds in titanium alloys to prevent

the possibility of oxidation during grinding). The final thick-

ness at the weld can be as high as 1.8 times the sheet thick-

ness, the actual value varying among fabricators.

4. Usually no welding is done on the membrane portion of a vessel

but only at thickened portions or at forged bosses or connections.

With this introduction, we can discuss the particular processes used in

fabricating pressurized gas systems.
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Welding Processes Applicable to Vessel Fabrication,

Piping, Fittings, and Repair

The American Welding Society in its classification and definition of

the welding processes recognizes between fifty and one hundred different

processes which fall within the definition of welding. Of these, it is

only necessary to discuss a few as being significant in the fabrication and

repair of aerospace pressure vessels and in the making of piping or fitting

joints. The most commonly used process is gas shielded-arc welding and,

more specifically, gas tungsten-arc welding (commonly abbreviated TIG weld-

ing for tungsten inert-gas welding). TIG welding is used to make longitu-

dinal and circumferential seams in cylindrical and spherical pressure ves-

sels, for attaching heads of cylindrical vessels, and for attaching

fittings. It is used for making joints in tubing, and special tooling has

been developed for making such joints automatically. Weld repairs are also

made by TIG welding.

Among the other welding processes, gas-pressure welding, brazing,

electron-beam welding, and plasma welding require discussion. Gas-pressure

welding is being used to make girth seams in cylindrical and spherical

pressure vessels, and brazing is utilized in piping joints. Although elec-

tron-beam welding and plasma welding have not yet been widely adopted in

fabricating pressurized gas systems, they offer some unique advantages.

Gas Shielded-Arc Weldin_

In the gas shielded-arc welding process the edges of two members being

joined are melted by the heat of an arc maintained between the end of a

nonconsumable or consumable electrode and the work. The electrode and the

heated work are prevented from oxidizing by a protective gaseous atmos-

phere which may be inert and which issues, at least in part, from passages

within the torch.

Two types of gas shielded-arc welding are practiced., These are differ-

entiated by whether or not the electrode is consumed. The first type, and

the more significant in aerospace fabrication, is gas tungsten-arc welding

(TIG); in this case the electrode is a tungsten or tungsten alloy rod, which

-



is not consumed during welding. Filler metal may be added to the weld

by means of a separate noncurrent-carrying wire fed into the puddle. The

other type, gas metal-arc welding (MIG for metal inert gas), utilizes a

spooled wire which is fed continuously to the arc which is maintained be-

tween the end of the wire and work. The wire in this case is consumed con-

tinuously.

It is sufficient for present purposes to elaborate only on the TIG

welding process. The electrical circuit is comprised of the welding

machine, which is a source of direct or alternating current, the work, and

the electrode holder or torch. The torch also has passages and a nozzle

for directing the shielding gas from the bottle supply to the region of the

weld, the capability for holding the tungsten electrode, and water passages

if the current rating of the torch is high enough to require water cooling.

Appropriate gas regulating and metering equipment is also needed. If the

welding operation is automated, then additional facilities for accomplish-

ing the following functions may also be incorporated: electronic voltage

controls for continuously checking and adjusting the torch position in

order to maintain a uniform arc length and voltage; work and torch manipu-

lating equipment; filler-wire feed mechanisms; arc initiation.

The power source provides either AC or DC current to the welding cir-

cuit. AC power is usually supplied by a transformer that converts commer-

cial AC from power lines to values of current and voltage suitable for arc

welding. DC power is supplied either by a motor-generator set or by recti-

fying the alternating current output from a transformer. When using DC

power two alternatives exist in selecting the pola=ity of the electrode and

the work. In direct-current-reverse polarity (DCRP) the electrode is posi-

tive and the work is negative, which means that electrons are emitted from

the work and strike the electrode. This has several consequences: (i) Any

oxide films on the surface of the metal are cleaned off to some extent,

which is important in the welding of aluminum and magnesium. (2) The elec-

trode gets hotter relative to the work than if the current flow were in the

other direction. Therefore, relatively-large-diameter electrodes are re-

quired, and the weld puddle is shallow and wide. Therefore, DCRP is rarely
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used. The more popular arrangement is direct-current straight polarity

(DCSP) in which the electrons are directed to the positive plate at fairly

high velocity causing the plate to heat more than the electrode. The weld

puddle is deeper and narrower than when DCRP or AC is used. Heat-affected

zones are narrower, distortion less, and higher welding speeds are possible.

In using AC, the current flow changes direction 120 times a minute. Thus,

one obtains the oxide cleaning action during the reverse part of the cycle.

Argon is generally used in TIG welding although helium or mixtures of

argon and helium may also be used. When welding aluminum alloys, adequate

shielding is provided by the inert gas issuing from the torch. However,

when welding a reactive metal like titanium, additional shielding may be

provided by inert gas introduced through leading or trailing shields or

backup bars, or, as is frequently the case, the entire fabrication is placed

within a welding chamber which has been filled with inert gas. Although

flexible plastic bags have been used in the past as chambers, most current

practice is to utilize rigid plastic chambers or steel chambers with windows

to provide visibility. In some cases the chambers are purged by simply

flushing with inert gas, but the highest-quality atmosphere is provided in

tight chambers that are evacuated and backfilled with inert gas.

The purity of the gas is of prime importance in the welding of titan-

ium and aluminum alloys. The purity of most commercial argon and helium

averages over 99.95%, the impurities being mainly oxygen, nitrogen, oil,

and water vapor. Impurities may also enter the arc atmosphere by aspiration

through leaks _in the hose lines or at connections, by diffusion through hose

lines, or by leaks in the torch water-cooling system. Synthetic rubber or

plastic tubing materials are generally more impervious than natural rubber.

Welding is generally done automatically to eliminate human error as

much as possible although some vessels have been fabricated by manual weld-

ing. Filler metal is usually, although not always, added, and it may match

the base metal in composition or be of different composition depending upon

the composition of the base metal, thickness, and joint configuration.



Joint design is usually square butt or vee, and multipass welding is

frequently practiced.

Frequently two or more passes are used for thicknesses which could be

welded in a single pass for purposes of better control of bead geometry.

Thus, a first pass may be optimized to yield the most satisfactory root con-

tour, while a cover pass provides an optimum face contour.

Proper fixturing is important in assuring uniformity in terms of mini-

mum mismatch, constant arc length, and travel speed.

Weld repairs are made by TIG welding either on a local basis or by

completely routing out the full girth and rewelding, depending upon the

fabricator's preference. The problem with local repair is the accompanying

distortion. Those fabricators who do permit local repairs place a limit

on the maximum number of repairs in one location, usually two or three. The

most usual defect encountered is porosity, and a certain amount of porosity

is accepted. The same is not true of crack-like defects, which are always

cause for rejection or repair in any quantity.

Within the past few years a process somewhat related to TIG welding

has been developed, and although it is not known to have been yet applied to

the welding of pressurized gas systems, it does deserve some discussion be-

cause of current interest in its potential. The process, termed plasma-arc

welding, may be considered a variation of TIG welding since the basic dif-

ference between the two lies in the fact that in plasma-arc welding the arc

is constricted by a potential between the nozzle and the work. This is

illustrated schematically in Figure VIII-3-1. In TIG welding the arc exists

between the tungsten electrode and the _Jork. The arc plasma is conically

shaped, and the width-to-depth ratio of the weld bead is relatively high.

In plasma-arc welding the arc exists usually between the tungsten electrode

and the work (in another variation, the "nontransferred" arc, the arc exists

between the tungsten electrode and the nozzle), but the imposition of a

potential on the nozzle constricts the welding arc to a thin columnar geom-

etry. The plasma argon is ionized as it passes at high velocity through the
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arc, and arc temperatures are exceedingly high. Additional shielding gas

is supplied through another annular nozzle or cup.

The advantages of plasma-arc welding over TIG welding are apparent from

the comparison in Figure VIII-3-}. The greater energy concentration yields

narrower beads and heat-affected zones, higher welding speeds (also a con-

sequence of higher heat content), and less distortion. The high velocity

and momentum of the plasma increases arc stability and makes it less sensi-

tive to variations in joint alignment and arc length.

The principle disadvantages of plasma-arc welding are that (i) as in

MIG welding, there are more process parameters than in TIG welding and this

greater complexity increases the possibility of error, and (2) the bulkier

torch and concomitant limits visibility. Plasma gas, shielding gas, and

orifice cooling water must all be brought to the torch tip; this makes a

somewhat bulkier torch than for TIG welding and limits the visibility.

However, more sophisticated torch designs will undoubtedly evolve as plasma-

arc welding finds greater acceptance.

Plasma-arc welding has already been utilized commercially, and its in-

herent advantages should make it worthy of consideration in the fabrication

of pressurized gas systems.

Pressure Welding

Pressure welding is a joining process wherein coalescence is produced

simultaneously over the entire area of abutting surfaces by heating either

with induction or with gas flames obtained from the combustion of acetylene

with oxygen and by the application of pressure without the use of filler

metal. It is a nonfusion process (there is no melting) in contrast to arc

welding, which is a fusion process. The process has been used to manufac-

ture spherical and cylindrical pressure vessels by a company who applies

the proprietary term "Uniweldin['. Pressure-welded vessels have been made

of titanium alloys, steels, and some nickel-base alloys in sizes up to 42

inches in diameter and in wall thicknesses down to 0.050 inch.
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The practice of pressure welding can be best explained by referring

to Figure VIII-3-2. The two forged halves of a pressure vessel are abut-

ted in the welding machine. The forgings contain integral bosses for sup-

port and a thickened weld region through which pressure is applied during

the heating cycle. Joint preparation is a vee configuration as shown.

The joint area is surrounded by either a ring burner, which supplies gas

heat, or by an inductor, which supplies induction heat for the largest

size vessels. After the pressure is applied, heating is begun and is main-

tained until a given joint upset is achieved. The configuration of the

joint after welding is shown in the bottom schematic. The configuration

of the outside of the joint is a function of the original joint geometry

and the thermal gradient which exists through the thickness of the weld.

The excess metal in this region is always machined off. The fissure shown

on the inside of the joint is obtained in steel vessels and is always

machined off. Titanium alloy vessels do not exhibit this internal fissure,

so no internal machining is performed.

The process is capable of making high quality joints and is ideally

suited to mechanization. It is most important that the internal fissure

sometimes obtained be completely removed; as it happens, the upsetting

pressure causes this fissure to be tightly fitting, making it sometimes

difficult to detect radiographically.

Among the advantages of pressure welding over the fusion-arc welding

process is the fact that there is no spatter in the former since there is

no melting. This simplifies the postweld cleaning operation.

Electron-Beam Weldin_

In the electron-beam welding process the work is bombarded by a con-

centrated high-velocity stream of electrons. The kinetic energy of the

electrons is converted to heat upon impact. An electron-beam welding sys-

tem includes an electron gun, which emits and accelerates electrons toward

the workpiece, electromagnetic focusing coils which control the beam spot

size at the work (it is sometimes desirable to defocus or oscillate the

beam to accommodate less precise fit-up or to widen a bead as, for example,

- FO-
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on a cover or wash pass), a power supply which supplies voltages up to

150,OOO volts to the equipment, a vacuum enclosure and vacuum pumping

equipment capable of pump down to 1 x 10 .4 torr or less, and appropriate

auxiliary equipment for such functions as work manipulation and viewing.

The two main types of equipment that have evolved are (I) the so-

called high-voltage welders, which operate at 60,000 volts and above and

(2) low-voltage welders, which operate below 60,000 volts. Machines are

built that deliver up to 30 kw of power and that have beam-welding currents

ranging up to I000 milliamps.

Although nuclear reactor fabrication provided the initial motivation

for the development of electron-beam welding, it has been aerospace applica-

tions that have primarily fostered its principal acceptance _n the .decade

or less since its development. The process is unique among all the welding

processes in that it is performed in a vacuum. (Modifications of the pro-

cess are possible in which the work to be welded need not be placed inside

an evacuated chamber, but some of the inherent advantages of electron-beam

welding are lost.) Since the process is performed in a vacuum one avoids

the degradation associated with the pickup of gaseous contaminants like

oxygen, hydrogen, and nitrogen which may arise from several sources in in-

ert-gas welding. Thus, the interest in electron-beam welding for the join-

ing of reactive metals like zirconium, titanium, molybdenum, tungsten,

tantalum, and columbium is self-evident.

Another inherent advantage of electron-beam welding has come to be

appreciated even more than the reduced opportunity for weld embrittlement

by pickup of contamination. This is the extremely narrow, deep welds that

can be achieved. In arc welding, the arc heats a relatively shallow depth

of material by direct impingement, and thermal conductivity in the material

accounts for additional penetration through the material and, concomitantly,

laterally. In electron-beam welding, the energy concentration within the

electron beam is so high that it instantly vaporizes a hole through the en-

tire thickness being welded. As the beam is moved along the length of the

weld, the molten metal along the sides of the hole flows to the rear of the

direction of travel, solidifies, and affects the weld.
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The high depth-to-width ratio of electron-beam welds has an important

advantage in minimizing distortion since less material in the structure is

being welded. The fact of lesser distortion can be important in itself

and to the extent that undesirable distortions can sometimes decrease the

load-carrying ability of a structure, electron-beam welded structures do

not suffer from this type of structural degradation.

An indirect advantage follows from the greater dimensional precision

and fit-up required in parts to be electron-beam welded. Since manufactur-

ing tolerances need to be tightened for electron-beam welding, one might

expect a more reproducible product. Or at least this is an argument ad-

vanced by the champions of electron-beam welding.

Two disadvantages of electron-beam welding are: (i) more weld spatter,

which introduces more of a postweld cleaning problem and (2) greater dif-

ficulty of underside bead geometry control. A third disadvantage in some

cases is the tendency to vaporize high-vapor-pressure constituents in weld-

ing some materials.

The economics of electron-beam welding relative to other processes is

controversial; there is complete disagreement on this issue. In favor of

electron-beam welding is the elimination of shielding gas costs and mini-

mization of costs incurred because of the greater distortion in arc welds.

On the other hand, initial equipment costs are higher for electron-beam

welding equipment, and it is presumably more expensive to manufacture parts

to the dimensional and fit-up requirements for electron-beam welding°

At least one fabricator, Beech Aircraft Corp., has developed success-

ful electron-beam welding techniques for making girth welds in Inconel 718

and Ti-SAI-2.SSn ELI spherical pressure vessels and plans to make such

bottles for the Apollo program. A brief review of their welding practices

is instructional.

The Inconel 718 will contain liquid oxygen, and the titanium alloy

will contain liquid hydrogen. Some of the design requirements are shown

in Table VIII-3-1. There is a long gradual taper from the membrane thick-

ness to the weld land, which is melted down during the electron-beam



welding operation. The sequence of passes is as follows:

(I) Electron-beam tack welds are made through holes in the

tooling after which the tooling is removed. The tack

welds are I/4 in. long and are placed at approximately
4-in. intervals.

(2) A shallow pass is made which smooths out small misa-

lignments and results in what amounts to a continuous

tack weld.

(3) A penetration pass is made which affects a weld through
the entire thickness.

(4) A cover pass is made with a defocused beam, which im-

proves the geometry on the top side.

Table Vlll-3-1

ELECTRON-BEAM-WELDED PRESSURE-VESSEL SPECIFICATIONS

Parameter

Material

Configuration
Vessel Inside Diameter

Vessel Membrane Thickness

Peripheral Weld-land Thickness

*Design Stress (KSI)

Oxygen
i

Inconel 718

Spherical
25.060

O.O61

O.139

iiO.O

Hydrogen
, ,m

Ti-SAI-2.5Sn ELI

Spherical
28. 245

O. 046

O.O88

50.O

*Stress limit at 1020 psig and 300 psig for oxygen and hydrogen

vessels, respectively.

There is no postweld stress relieving or machining or grinding of the

bead.

Nondestructive testing, leak testing, and pressure cycling at ambient

temperature, plus burst testing at -3OO°F for the Inconel 718 and -423°F

for the titanium alloy bottles have satisfied the fabricators of the suit-

ability of electron-beam welding to make these bottles.

Tubing Joints

In the fabrication of pressurized gas systems in regions other than

within the pressure vessel, it is necessary to make connections between

tubes or between tubes and valves, fittings, regulators, or other such



components. Such connections are madeby three general types of joining
processes: (I) mechanical, (2) TIG-arc welding, and (3) brazing. Mechan-

ical attachments utilize threads or other such schemes; these will be

treated elsewhere in this guidebook. Wewill treat only TIG-arc welded

and brazed, in other words, metallurgical-joining, processes in this part.

TIG welding has already been described in this section. In addition

to using TIG welding to fabricate the pressure vessel it is also widely

used to makeconnections between tubes and between tubes and fittings of

all types. Somesuch joints in large diameters are madeeither manually

or automatically using conventional TIG welJing equipment. For small-diam-

eter tubing, conventional equipment becomesdifficult to use and is com-

pletely unsuitable for tubing under 1 in. in diameter. Several aerospace

fabricators have developed specialized tube welding apparatuses of which

one, termed in-place tube welding, is being used by North American Aviation.

This process has been used to make joints in tubing as small as i/4-in.
diameter and 0.O28-in. wall thickness.

In-place tube-welded joints are madeby abutting two tubes to be weld-

ed and placing a sleeve over the joint. Several variations of this joint
design are shownin Figure VIII-3-3. Using a special split welding torch,

burn-thru lap welds are madeas shown, either away from the abutting seam

of the tubes being joined or over the abutting seamof the tubes being

joined, as well as fillet welds at the end of the sleeve. The advantage of
the joint type at the bottom of Figure VIII-3-3 is that there are no crev-

ices in the joint to trap or retain corrosive media (the system is inherent-

ly cleaner), and the fatigue life of the joint is higher because of the
absence of notches.

)

The welding torch consists of a split ring assembly, which fits around

the tube sleeve. The small tungsten electrode is mounted in a cooper ring

to which current is carried by a sliding contact and which revolves around

the sleeve.

Some tubing connections are TIG welded utilizing novel joint prepara-

tions. One fabricator prefers a square butt joint in wall thicknesses that
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are large enough to accommodatesuch a joint geometry, a lap-joint prepara-

tion for intermediate gages, and an edge-joint preparation for the lightest

gages. Theseare illustrated in Figure VIII-3-4. The use of the lap- and

the edge-joint preparations serves two functions: (i) The fit-up problem

is madeless critical and (2) The excess metal provides filler material

when it is melted by the arc.

Brazing is also used to make tubing connections in pressurized gas

systems. Brazing is a process in which the base metal is not melted. The

connection is madeby heating the joint to a temperature below the solidus

temperature of the base metal but above the liquidus temperature of a dis-

similar filler alloy. The filler alloy is distributed throughout and re-
tained within the joint by the capillary force exercised within the spacing

between the parts to be joined. In brazing, the filler metal melts above
8OO°F; in soldering the filler metal melts below 8OO°F. By definition,

other than in respect to the melting point of the filler metal, brazing and
soldering are identical processes.

Since only the highest quality brazing practices are permitted in

aerospace fabrication, fluxes are not utilized; this avoids problems of
flux entrapment.

Problems of compatibility mayarise between the base metal and brazing

filler metal in the presence of the working fluid and under the conditions

of temperature and stress to be encountered in service. In this regard,

brazing is not as attractive as welding since the compositions of base

metal and filler metal are moredissimilar in brazing than in welding.

An induction, inert-gas brazing apparatus is marketed commercially*

for making leak-tight high-integrity joints in the shop or in place in a

spacecraft. A schematic of the joint is shown in Figure VIII-3-5. The

portable brazing tool clamps around the joint and has facilities for supply-

ing inert gas to the joint area. Inert gas is also supplied inside the

tubes being joined. Heating is supplied from a high-frequency induction

generator. Auxiliary tools are also supplied for cutting and cleaning.

)

*Aeroquip Corp., Jackson, Mich.
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Welding Fabrication Variables and the Welding of Particular Alloys

i

The objective of this section is twofold: (i) to point out some

frequently overlooked fabrication variables and (2) to discuss particular

problems concerning the welding of specific alloys used for pressurized

gas systems. T,Ne comments are neither comprehensive nor detailed but are

instead presented to provide generalized background.

Some Preliminary Design Considerations for Welded Components

In designing a welded pressur e vessel careful consideration must be

given to all aspects of welding fabrication before the design is finalized

and the materials have been selected. Design trade-offs may be necessary

or material compromises may have to be accepted to assure fabrication with-

in specific cost and schedule requirements. The complexity of welding

fabrication is very dependent upon design requirements and alloy type.

Tooling costs for the manufacture of welded structures often represent one

of the most significant cost elements in the fabrication of a system, par-

ticularly where only a few of a kind are to be produced. Substantial sav-

ings may be realized by implementing rather minor design modifications

which could permit the use of much s_mpler and less costly tooling. The

fabricability of a particular design from the standpoint of accessibility

and the sequence of manufacturing steps is sometimes overlooked in the

early stages of design. Consequently, prolonged schedules and unexpected

manufacturing delays may result.

The repairability of a structure represents another important consid-

eration that is all too often neglected in the early design considerations.

Disassembly of components for repair may entail prolonged schedule delays

and added costs. Components not requiring repair may have to be disassem-

bled to reach the defective component. Cutting of welded or brazed joints

may be involved, and this could result in a very complicated and expensive

reassembly job.

Clearly, it is essential that the design engineer, the manufacturing

engineer, and the materials and process engineer should form a "team"

}



early in the design formulation phase. Such early coordination can help

assure the successful fabrication of a systemwithin the cost and schedule

limitations.

Welding Fabrication Variables

It is informative to consider the fabrication variables in the manu-

facture of a welded system. The scope of this guidebook does not permit a

detailed discussion of these variables. However, a mere listing of some of

the more important variables serves to illustrate the complexity and scope

of the welding fabrication problems.

I. General Design

A. Welded Types

I. Circumferential Joints

2. Longitudinal Joints

3. Closure Joints

4. Head Attachment

5. Port Attachment

6. Other Joints

B. Thickness and Contour Variations

i. Gradual

2. Abrupt

C. Dimensional Control

I. Longitudinal Shrinkage

2. Transverse Shrinkage

3. Buckling Deformation

II. Material Selection

A. Base Metal

i. Mill Form and Availability

a. Sheet

b. Forging

c. Extrusion

d. Casting

e. Other

2. Mill Heat Treatment

3. Surface Condition

a. Roughness

b. Coated

c. Spectral Reflectance

4. Chemical Composition

a. Alloy Range
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b. Residual Element Range

c. Segregates

5. Mechanical Properties

a. Uniaxial Tensile Properties

b. Fracture Toughness

c. Others (dependent upon design requirements)

6. Metallurgical Properties

a. Heat-Treatment Response and Control

b. Metallurgical Stability

c. Soundness Inclusions and Defects

B. Welding Filler Metal

I. Availability and Form

2. Chemical Composition (Alloy Range and Residuals)
3. Surface Cleanliness

4. Packaging and Storage

C. Shielding-Gas or Flux

I. Moisture Control

2. Gaseous Impurities

3. Contamination

III. Welding Factors

A. Preparation for Welding

I. Joint Preparation

a. Design

b. Machining

c. Cleaning

d. Clean Storage Prior to Welding

2. Fixturing and Tooling

a. Alignment

b. Distortion Control

c. Backup Tooling

d. Manipulators

3. Weld-Joint Fitup

a. Mismatch

b. Faying Interface Gap

4. Fabrication Sequence

B. Welding Process

I. Process and Equipment Selection

2. Welding Conditions

a. Number of Passes

bo Arc Current

c. Arc Voltage

d. Welding Speed

e. Gas Flow (Torch and Auxiliary)
f. Filler Wire

3. Preheat and Postheat and Heat Treatment
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severely degraded by such reactions. Very small concentrations of carbon,

hydrogen, oxygen, and nitrogen can produce severe embrittlement. There-

fore, great care must be taken to assure against weld contamination. Spec-

ial inert-gas shielding methods must be employed even when employing the

inert-gas welding methods. Trailing shields and provisions for underside

protection during welding are virtually mandatory. Very sophisticated

vacuum-purgeable chambers are often used to achieve the high atmospheric

purity that is required.

The preparation of titanium alloys for welding also requires special

attention. Degreasing operations are usually employed to clean metal parts

prior to welding. Chlorinated hydrocarbons such as trichlorethylene are

frequently employed. However, chlorine-bearingresidue can cause stress-

corrosion cracking in titanium alloys during welding or during subsequent

stress relieving or sizing operations. Therefore, the use of chlorinated

hydrocarbon solvents for preweld cleaning should be avoided.

Porosity formation can represent a very severe problem in titanium

alloys especially in the thinner gages (0.020 in. thick and less). Sur-

face-adsorbed contaminants appear to cause porosity, although the specific

contaminants have not been uniquely identified. Thin-gage material appears

to be more susceptible to porosity formation than thicker gages presumably

because of the higher surface area to volume ratio, hence, potentially

higher concentrations of surface-adsorbed contaminants. Preweld cleaning

procedures must be very carefully selected and controlled to avoid the

porosity problem, especially in the thin-gage materials.

Generally the weld-joint efficiencies (from a uniaxial tensile strength

standpoint) in Ti-6AI-4V or Ti-5AI-2.SSn welds exceed 90% of the base mate-

rial strength. However, ductility and fracture toughness may exhibit much

more severe degradation due to welding, especially at cryogenic temperatures.

Frequently, lower alloy or commercially pure filler metal is used for weld-

ing to achieve superior ductility and toughness at the expense of some

small loss in strength. The loss in strength depends primarily upon the

extent of filler metal and base metal mixing that results from the fusion

that takes place during welding.
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Titanium alloys cannot be readily welded to dissimilar metals. Se-

vere embrittlement generally develops because of the formation of inter-

metallic compounds or excessive solid solution. Transition joints between

titanium and other metals must be evaluated individually, and metallurgi-

cally bonded joints, if required, will very likely require special devel-

opment.

Aluminum Alloys

Precipitation-hardenable aluminum alloys 2014 and 2219 are the most

common alloys used for welded pressurized-gas systems. These alloys are

generally welded by the inert-gas processes.

Undoubtedly the most troublesome problem encountered in the welding

of aluminum alloys is porosity formation. Hydrogen is firmly established

as the principal cause of porosity. Porosity forms when hydrogen, former-

ly dissolved in molten weld metal, coalesces out of solution upon solid-

ification. Hydrogen originally may enter the molten weld pool as a result

of the dissociation of hydrogen-containing contaminants in the welding arc.

Water contamination, either surface adsorbed or in the atmosphere, is the

most common source of hydrogen. Porosity control and minimization is a-

chieved by implementing rigid process-control requirements to avoid con-

tamination with hydrogen-bearing matter.

Unlike the titanium alloys, the aluminum alloys can suffer substan-

tial strength loss when welded. For example, 2014-T6 or 2219-T87 will

generally suffer a 40 to 60% loss in tensile strength after welding. A

IO to 20?o increase in strength (compared to as-welded) may be realized if

postweld heat-treatment is possible. Electron-beam welds generally exhibit

superior strength compared to inert-gas-welded material, particularly for

thicker sections. This is primarily due to the finer microstructure gen-

erally attainable in thick electron-beam welds.

Hot cracking is another problem area associated with the welding of

2014 and 2219 alloys. Hot cracking may occur in both weld metal and heat-

affected regions of the parent metal. The problem is caused mainly by the



formation of low-melting-point constituents, which tend to form continuous

networks. Cracking tends to follow these continuous networks. Cracking

problems are minimized by the careful control of the welding process (heat-

input control) and by the careful design of tooling.

Coarse=grained 2014 or 2219 extrusions are extremely susceptible to
hot cracking and should, therefore, be avoided in critical welded struc-

tures. Occasionally, sheet material may exhibit an unusually coarse grain

size becauseof prior forming and heat treatment exposures. Suchmaterial

may also be very susceptible to hot cracking during welding, and precau-
tions should be taken to avoid such a condition.

Structural fusion welds between aluminum alloys and dissimilar metals
cannot be readily achieved because of the formation of brittle intermetall-

ic compounds. The methods that have been developed incorporate the use of
inter=mediate alloys, which are compatible one with the other. For ex-

ample, the joining of aluminum to stainless steel has been accomplished by

using Monel (a nickel/copper alloy) as a transition memberto which both

aluminum and steel maybe welded. However, such joints have poor proper-

ties. Special diffusion bonding and brazing methods have also been em-

ployed, but they do not have wide-spread acceptance or application.

Cold=worked Stainless Steels

The use of cold-worked stainless steels, such as Am 355 and modified

AISI 301, for pressurized gas systems has been very limited. These mate-

rials are normally welded in the annealed condition and are generally

quite weldable. They are subsequently subjected to cryogenic exposures,

cold-worked, and often subjected to a tempering treatment. The Arde-proc-

ess, which employs a specially modified AISI 301 stainless, utilizes cryo-

genic stretch forming as a one-step operation. Joint efficiencies both

from a tensile and toughness standpoint approach 1OO% when the weld-deposit

chemical composition matches that of the base material.

These two alloys are probably the most weldable of all the alloys

used in p;essurized gas systems. Hot-cracking problems may occasionally

develop, but they are usually solved by modifying the weld=deposit chemical

)
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composition. The details of this problem and its solution represent a

highly specialized metallurgical phenomenon, and it is beyond the scope of

this guidebook.

Transition welds between stainless steel and other ferrous alloys are

easily achieved by using austenitic filler metals (such as AISI 309 or 310).

Inconel 718

Inconel 718 is the only nickel-base alloy that is used as a pressure-

vessel material for pressurized gas systems described in this guidebook.

Most components are welded by the gas-tungsten arc process.

Porosity is often encountered if the preweld cleaning procedures are

inadequate, although the specific cause (or causes) of porosity has not

been identified.

Dissimilar filler metals are sometimes employed to weld Inconel 718,

although a matching 718 filler is normally used.

The joint efficiencies of welds deposited in annealed material (in

terms of base-metal tensile ultimate or yield strength) generally exceeds

90% in the as-deposited condition. Higher joint efficiencies may be at-

tained if postweld aging treatments are employed, as they normally are.

Weld toughness also appears to be quite comparable to the parent material

after an equivalent postweld heat treatment.

Dissimilar metal joints to stainless steels and other ferrous alloys

may be achieved using austenitic filler metals. Fusion joints to non-

ferrous alloys are not generally attainable.

Low-alloy Hardenable Steels

Low-alloy hardenable steels are not commonly used for pressure-vessel

material in pressurized gas systems. Toughness and strength-to-weight

ratios are considered inadequate.

Most of the steels are modifications of AISI'4340 that are employed

at the 190,OOO-psi minimum-yield-strength level. Included in this cate-

gory are AMS 6434, D6-AC, and AISI 4340.
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These steels have good weldability if the proper preheat and post-

heat treatments are used. Otherwise severe cracking problems can result.

Postweld heat treatment is mandatory to regain strength and ductility

after welding. Weld toughness is generally quite inferior to the parent

material under even the best conditions of welding and postweld heat

treatment. Compared to the previously discussed alloys, this group has

the worst welded toughness on a strength-to-weight basis.

New steel alloys, particularly the new maraging class (which does

not belong in the low-alloy hardenable-steel group), have the potential

of eventually being used for pressurized gas systems. These types of

alloys appear to exhibit unusually high weld toughness even at very high

strength levels.
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IX-i INTRODUCTION

The transmission of a gas or a vapor through a polymeric or metallic

film is, in the: absence of flaws such as cracks, piuholes and the like, a

process of activated diffusion. The _as must first adsorb on the surface

of the film, then dissolve in the material, diffnse through the bulk, and

desorb on the low oressure _ide. 'these steps alway_ occ.r whe. gases or

vapors diffuse througl, any material, but the relative i,.porLa.ce _f the

various steps and the rate-controlling processes are sufficiently differt;ut

to make it convenient to discuss each type of material separately. Accord-

ingly, permeation through organic polymers, through inordanic glasses, and

through metals are discussed in this order. This is followed by a brief

discussion of laminates (including a metal foil, whicil may have pinholes,

deposited on a polymer) and finally, consideration of simnltaneo.s per-

meation and mass flow.

Specific permeation data are given for a number of materials in the

Fluid Systems Component Section (XI) of this guidebook.



IX-2 POLYMEKIC MATERI,kLS

With permanent gases, such as lie, I1,,. O_,. N2, CO2, the solubility

in tile polymer is sufficiently low so that the gases are diffusing through

essentially unchanged polymer. Under these circumstances, in the zteady

state th_ amount tranzmittcd per unit ti,nc per unit area, .], i_ given by

dc
.I = -I) _ (1)

t_ X

where b is tile di ffusion constant and dc/dx is the concentration gradient

within tile polymer film. [_ecause of tile small solubility, '.lenry's law

holds and thus c = ,°.,1.', where S is the solubility coefficieut and p is the

pressure of tile gas. Substituting in Equation (1),

.! = -I_S _'lt' (2)
J. :t

The product I)S is the permeability constant, P. Since in the nteady state

J is independent of x, Equation (2) can he integrated to give

-.Id
P = -- (3)

where ,t is the thickness o1' tile film.

The usual method of mt. asuring the permeability of a poly,_eric fil,n

is to establish a k,own preasure of the gas or vapor' on one side of the

film and to observe, the tran_misnlan of the gas or vapor by tile pressure

increase on the other side. The low press,ire side is generally at high

vacuum, so that the presnure drop across the film is substantially con-

stant during the course of the experiment. The method has tile advantage

of simple mathcmatic_,l analy._is I,ut ca, !,e very slow un,lcr some circu:n-

stances. The ,,,el. hod ,Jse_i by _tat, fnrd llesearch Inst. it.ute meaaures the rate

of permeation (as opponed to tile total amount perme_lted) by means of a

mass _pectrometer, and allows the simultaneous determination of two or

more speeiea in a mixture.

O_|GiN;_L FAG'£ i_
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_loth methods are amenable to the analysis of the transient state to

separate the diffusion and solubility coefficient parts of the permeability

coefficient. One means of analysis of tile transient state can be termed

tile "late" approximation and the other the "early" approximation. The mass

spectrometer method is particularly suitable for tile latter, and in certain

circumstances this can, in addition to separating diffusion and solubility,

considerably shorten the time of the experiment.

Both means of analyzing the transient state start with Fick's second

law and the assumption that the diffusion constant is independent of con-

centration which, in the one dimensional case, gives

dc d2c
m = b _ (4)
dt dx 2

where t is tile time. Tile late approximation was introduced by _aynes 7

and developed by Barrer. s Solution of Equation (4) by a l:ourier series in

the coordinates and an exponential in the time with the boundary condi-

tions c = c O at x = 0 for all t, c = 0 for 0 < x < d for t = 0, and c = f_

at x = 1 for all t, leads to

]AD I d 2 2d 2 exp (-m 2w21)t /d 2 )Q = d co t 6D 7r2D _ (-1)" m 2 (5)

Ilzl

where A is the area of the film and Q is the quantity transported across

the film in time t. At sufficiently long times ]:quation (5) reduces to

ADc o
_ - (t - _) (6)

d

Thus ') becomes linear in t with a slope (IPl, o)/d (since c o = SPo, where

P0 is the upstream pressure) and an intercept on the time axis "r and

d 2
D = _ (7)

6_

Ilence, by this metl_od, one can obtain both P and D and, consequently, S.

An independent check is to measure the solubility direct, ly. Excellent

_,.{oL I_



agreement has been reported for a number of elastomer-gas systems by

van Amerongen. _

The "early" approximation was used by Rogers, Buritz and Alport. _

By a transformation a solution of Equation (4) is

J = 2Spl(D/Trt) t_ Y exp [- (d2/4Ot)(2m + 1) 2 ] (8)
II = ]

At times sufficiently short only tile leading term in the series is im-

portant. Multiplying both sides of Equation (8) by t _ and taking natural

logarithms leads to

i,;
In (Jr"-') = In [(2Spl)(D/w)'4] - d2/4Ot (9)

Thus plotting the left hand number against t-I should give a straight

line of slope - d2,/4Dt. [laving determined D, the value o£ S is given by

S = --ff \2Pi/ exp (d2/ll)t)
(lO)

and, since P = B,S', this quantity is also determined.

From the early approxin_ation all the quantities of interest can be

derived. It is especially useful in the mass spectrometer method because

rates are required, which are determined directly. The late approximation

requires an integration. Rogers et al. actually used the pressure rise

method in their application of the early approximation which, of course,

required a differentiation and its accompanying errors.

At t = 2.7r |)oth the early and thv late apl)roximation are in error by

1.2°_,, so t})is call I)e considered a rough dividing lit)e for the region of

validity of the two I_)ethods.

Both F,' and S obey the Arrhenius relatio,ls:

- _T
S = S oe &H

'"_ _" '_ ; '* t
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where _H is the heat of solution of the gas in the polymer and F d is the

activation energy of diffusion within tile polymer. Consequently,

-ep/BT
p . Po e

where Ep = All .v Ed. In all cases E d is positive (rate of diffusion in-

creases with increasing temperature). The quantity _/I is small and

positive for the permanent gases, but may be negative and large in the

case of easily condensable gases owing to the contribution of the heat

of condensation. 2s As a result, a plot of the logarithm of the permeability

vs. the reciprocal of the absolute temperature gives very nearly a straight

line in the case of the permanent gases (increase in permeability with in-

creasing temperature), but with easily condensable gases (e.g., water

through Nylon 6-6 or polyvinyl alcohol, 19 methyl bromide through poly-

ethylene 26) when the temperature is decreased the permeability may first

decrease, pass through a minimum, and actually increase at still lower

temperatures.

A knowledge of the chemical nature of the polymeric film is not suf-

ficient to define its permeability--one important factor is cry,tallinity.

In Table IX-2-1 are given the permeability of some polyethylene films of

different crystallinities (as determined by density) for selected gases.

Fairly good correlation can be obtained by assuming that the gases are

soluble only in the amorphous portion of the polyethylene; similar results

have been reported for permeation of water vapor through polyethylene-

terephthalate. 14 Table IX-2-2 illustrates another effect, that caused by

plasticizer. Chemical analysis of the two polymers would be nearly iden-

tical, but it can be seen that the presence of low molecular weight ma-

terial enormously increases the permeability. This effect, in contrast

to the effect of crystallinity, is largely due to an increase in the dif-

fusion constant. Polyethyleneterephthalate shows in addition crystallinity

effects such as. those illustrated for polyethylene.

It would be desirable to be able to predict the permeability of an

arbitrary gas-polymer system through bu_ic principles or an etn,nirical cor-

relation requiring very few measurements. Unfortunately, no method of

general applicability has bee. famed. The solubility portion can, in a

given polymer, be correlated fairly well with the normal boiling point of

the gas, _ its critical temperature,33 or its Lenoard-.lones force constant, ts

Correlations of diffusion constants have not been nearly so successful.

-'qO -



):lichaels and BrixterlThave had some success in correlating diffusion in

polyethylene with a geometric impedance factor, a chain immobilization

factor, and a "reduced.diameter" (involving the mean unoccupied distance

between two chain se_,,ments). However, use of this correlation requires

a great deal of knowledge about the polymer and its extension to other

polymers has not yet been made. Salame29has published a correlation of

the permeability of various organic materials through polyethylene by use

of a "permachore." Although useful for related polymers such as poly-

propylene, he specifically states that the method cannot be applied to

polymers such as nylon, l)elrln, anti other nitrogen- or oxygen-containing

polymers.

The simplest correlation suggested is that of i_ogers et al. 2s _,ho

noted that the ratio of the permeabilities of some of the fixed gases is

roughly independent of the nature of the polymer, lleuce they suggested

a "G value" for the fol]owiug gases (at 30°C): N 0 = 1.0 (arbitrary),

O 2 = 3.8, 112S = 21.9, CO o = 24.2. This may serve as a guide in many cases,

but it fails badly in other cases. Thus from Table VI[I-2-1 it can be

seen that the ratio of the permeability of O 2 to that of N 2 is indeed

approximately 3, but CO o is only about twice as permeable as N o . In the

I,,_;_|.1 .... tk,,le:!e (' Table, IX-9 P ) on the other hand. thecase of po. r ............... _. . _._ , .

CO2/N 2 ratio is 13-19.

The above discussion has been confined to the permeability of perma-

nent gases, except for brief mention of temperature effects with easily

condensable vapor._. If the vapor is appreciably soluble in the polymer,

the situation can become quite complicated, since in general Ilenry's Law

will not be obeyed; this plus the plasticizing effect of the per_neant

will cause a strong dependence of the permeability constant on the vapor

pressure of the permeant and the more or less unpredictaSle temperature

effects already mentioned. Under the,e circumstances, the l_olymcric ma-

terial is geJaerally not st_itablt: for space applications, lu some cases,

however, the possibility of such behavior must l,e expected, as in the

following example.

_ccording to a Bell Aerosystems report lS_|ON (and hence presumably

N20 4) comes to equilibrium across ;_ 7-rail Teflon sheet in a few days.

I"or a long mission with a re-start, it. ,tight bc desirahle to know the

permeability with a relatively 1o_ pressure differential aud near saLu-

ration on both sittes.

-9o7-



In the mass spectrometric method for measuring permeabilities, the

pressure on one side is set at P0 and on the other at essentially zero.

By definition, the over-all permeability P, the thickness t, the flux J,

and P0 are related by:

J = _Po/t (II)

One can equally well define a differential permeability by {0 < x < t):

# . P@/dx (12)

Equating (II) and (12) and integrating from x = 0, p = 0 to x = t, p = P0

gives a relation analogous to a well-known case for integral and differ-

ential diffusion coefficients:

PO

_- _1 j pan (J3)
Po

fl

Differentiating (13) with respect to P0 gives the relation sought:

,_' (1,t )P = P + al.,lln ?0

For most "nermanent" gases throug!l most films, P is independent of

P0 and Equation (14) is trivial. Where swelling occurs, however, P and P

may differ appreciably. For water through Nylon 6-6 at 2_°C, P(sat. ) =

7.576(sat. ), calculated from data of Xlyers et al., m and for methyl !,romide

thro,gh polyethylene at -15'_( ", P(sat.) = 7.SP(sat.), calculated from the

data of Myer et al. Is

)
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Table [X-2-I

PERMEABILITY OF TIiIEE POLYETHYLENES AT 25°C

(Hef. 17)

• vol. fraction amorphous

PERMEABILITY [cc(STP)/cm-sec-.tm] X 107

GAS Grex Alathon 14 Hydr opal
(a = 0.23) (a = 0.57) (a = 0.71)

lle

02

A

002

N2

O. 087

O. 0308

O. 129

O. 0275

O. 0109

0.375

0.220

O. 208

0.113

O. 074

1.20

0.B6

0.84

0.47

0.304

Table _X-2-2

I_EIIMI,_AIIILI'rY OF PLASTIt'IZEI_ AND UNPLASTICIZI_!I

POLYCH LOliOTlllFIJJOBOI,_THY LI_NE

(Bef. 20)

GAS TEMP.,
°C

02

PEBMEABILITY [cc(STP)/

50

75

0

30

6(}

50

cm-sec-stm] X 10 8

Unplasticized

0.014

O. O65

O. 003

O. 04O

0.22

O. 27

Plasticized a

0.42

1.95

O. 083

0.42

2.13
i
I

5.70

Plasticited with 1o¢ molecular weight

polych I or,)t r i f |uuroethy |ene.
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TX- 3 GLASSES

The permeability of fused silica and certain glasses to helium is

well known and _:an be troublesome under certain circumstances. Vacuum

])ewars of some types of glass, for example, can be used to store liquid

helium only for a day or two since they will lose their vacuum through

helium permeation. Hydrogen, deut, erium, and neon will also permeate

fused silica, but the permeabilities of molecules larger than these (a

dividing line of about 2.5 A diameter) are enormously less. 21

The permeabilities of the small gas molecules through glass follow

an Arrhenius law as in the case of polymeric films just discussed,

P = Po e-_p/ttr The glass composition plays a dominant role. The rate

of permeation decreases as the content, of glass formers, SiO2+ B203+ P205

decreases; when this sum drops t.o 20-30%, the helium permeation rate is

cut. down, compared to silica glass, by a factor of a millio,_. 21 This ef-

fect is attributed to alkali and alkaline earth oxides blockiug the pas-

sages in t.h__ relatively open network of the glass-forming oxides. A

similar picture of chan_lels closing explains the fact that the permea-

bility of quartz to helium is less than that .f vitreous silica by a

factor of 10 7 or' more.

In summary, glass could involve a permeability problem, particularly

with helium, I-,I,L ono. that can easily be trircttlrlvented by proper (:hoice of

composi t i o,,.



IX - 4 METALS

The permeation of metals by gases is considered separately from

polymers and glasses because of three outstanding ci_aracteristics:

impermeability to noble gases, d[ssociatio, of diato,,ic gases in the

process, and i,,t'luence of surface fil,,s on tire ocrn,eability.

All attempts to measure tile permeal, ilit3 _ of noble gases have been

unsuccessful. .ks examples, _lydcr 2a foun.i ne,_ati, ve results on the perlnea-

bility of iron to argon, as did i]aukloii and _<ayser5 on that of nickel to

helium, neon. argon, and I_ry?ton. 'lhe rare ;;as tons can he forced into

metals under a potential gradient, but penetration is reIatively shallow

and upoq l,eat, in_ tlle metal the gas is relc.t_ed. 21

The proc.sses of adsorption, (,iss,)ciation, solution, and diffusion

of a diatomic ga_ can lead to q.ite co,nplicated rate laws under certain

circumstances. Various limiting equations are given by Ash and llarrer. 1

llowever, for most metals at pressures over one atmosphere a square root

law is foli,_wed as is the exponential relation, a!rcady mentioned in the

case of polymers and glasses, so the permeability may be expressed by

t: -E _T
]'0_t,1_ - l,/l:)e P

I _ =
d

where Ix is a consl, ant and P0 and I'1 are the ul;stream and downstream pres-

sures. This la_ is not tollowed _hen tl,ere is an appreciahle col,eret, t

film (usually oxide) on the metal, when tl,(_re is radiative or chemical

interaction, or _l,(',l the solubility of the t_as is very hi/_h. An example

of the latter is 112-l)d above about one at,,osphere, _here the permeation

rate is prop.rtional to the 0.8 i,ower _,t th_ _ !,r(-ssurt' .a ]:.Xal,ples of chemi-

cal int. eractit,n are t. he diffusion of ,,it. rove,) and oxyyen t. hrough tit. anium 34

and hydrogen thr_ugh zirconium. 11 I. these cases a ne_ phase is formed

above a limiti,,z t,t'essure (rather lt,_ i|l_less the teml_erature is J, ivJ,) and

the reactioll becomes essentially a corrosion reactio1_, with the elfeetive

_,._ pv,'._.l,' it, ,.,I.ilil,vi,IIJt ailtl I h,. .l_p_'t ' li,.it_ c,l' th,' ,t,.t_ ph._l. .t th_

be(ol,cs qltite ,.,aniut_l_'_._.
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In most studies on the permeation of gases through metals, precautions

are taken to eliminate surface films as far as possible in order to sim-

plify interpretation. From a practical standpoint, tile effect of surface

films must be taken into account. As Flint 9 points out, surface films may

be expected to become important barriers to diffusion when the oxide coat-

ing has a specific volume equal to or greater than that of the base metal.

Metals falling in this category are A1, Si, Cr, Mn, Fe, Co, Ni, Cu, Zn,

Pd, Ce, and Pb. Very few systematic studies have been made in this field.

Flint 9 prepared oxide films on Type 347 stainless steel by treatment in

wet hydrogen and observed reduction io permeation rate of as much as 4(30

fold. !towever, these migl,t be termed transient tests as the permeability

increases wit], Lime, presumably as the oxide coating w,s reduced. Experi-

ments with hydrogen and Inconel have given permeation rates independent of

the thickness of the metal, thus indicating an over-riding effect of a sur-

face film. 22 ._everal authors 32'12' 3°' 27 have noted t-he effect of oxide films on

aluminum or aluminum alloys; drops in permeability as much us l(300-fold

have been found.

An effect 6hat may become important for hydrogen (and possibly other

gases) in space environment is production of atoms hy radiation, although

recent calculations 35 have tended to mit. imize this factor. Production of

atomic hydrogen at iron surfaces by corrosion reactions with _ater and its

subsequent diffusion into the metal is well known to corrosion engineers.

The chemically produced atoms are cq.ivale.t to those at very high pres-

sures and temperatures for normal hydrogen and, as previously mentioned,

it is the atomic hydrogen that affords the mechanism for diffusion. One

industrially important consequence of this effect, was in the early days

of metal vacuum tube manufacture, when it was found that _ater contained

in sodium silicate paint was reacting with the iron, and hydrogen diffusing

through the tubes made them gassy and inoperal,le. 21 Similarly. it has been

found that. a glow discharge increased the permeability of aluminum to

hydrogen five-fold; conditions were not well enough defined in this case

to attach quantitative significance t.o the result. 27

)



IX- 5 LAMINATES

The discussion up to this point has been concerned with homogeneous

materials. There are, however, important practical cases where laminates

are used. It is convenient for present purposes to distinguish two cases:

one is where two or more plastics or elastomers are laminated and the per-

meabilities of tile materials to tile gas in question, while different, are

not so far apart that. any one of them can be neglected (an example is the

use of styrene-butadiene rubber liners in continuous-filament glass fiber-

reinforced epoxy pressure vessels); the second is where a metal foil is

laminated onto a polymer film as a permeation barrier, in which case the

foil may be considered (for noble gases at least) to |lave zero permeability

but the possibility of pinholes and their influence must be considered.

In the plastic laminate case one call, as before, define an over-all

permeability, P by

1) = -- (15)

In the steady state .) is the sdme for all e|emel_ts t of the laminate, so

in addition

.Id
t

i
?'1',

an)d a I so

i

1

= ,I :
, l

!

:_ul)stitut. Jon ol (l(>_ i.t.,) (]Y) a),d realrat1.,.,in_+ _:iv(,-'.

(16)

, ,]

/, ,+'_""
t

(17)

•+.,'.:,.+..:_:.,+',:,+ +,+,.+,_'p'_'_+;:_+'+"
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Equation (17) has been experimentally, verified by Phargava et al., 6 for

polyethylene-glassine laminates.

The case of a foil with pin-hole has been treated by Prins and

ltermans. 2s For a foil, impermeable in bulk but with n circular holes/cm 2

of radius r, laminated onto a polymer of thickness d and permeability P,

and for d/r > 0.3 (the only case of practical interest) they found (in

the present notation)

PAl, ,
,I = ---TV(1 + 1.18d/'r) ; _ << 1 (18)

6l

where [J = nnr 2, tile fraction of free surface. The first two terms on

the right of Fquation (18) simply, express tile reduction of peru, eation

because of the reduction in free surface. 'lhe third ter,i, however, can

be a large multiplying factor, reflectinfl the spread of the diffusing

gas in the polymer film. For ver_' lar_,e value of ,l/r, Fquation (lP,) re-

duces to

J = _. 7nrt'_q, (19)

and the flux becomes proportional to the perimeter of the holes rather

titan to their area.



IX-6 DISTINCTION BETWEEN PERMEATION AND MASS FLOW

The question often arises in permeability measurements whether the

gas flux observed is all due to true permeation or whether part of it is

due to flow through fine capillaries, whether they exist in the very

nature of the film being studied (as is postulated by one group 31 for

polystyrene below the glass transition temperature) or because of flaws

such as cracks and pinholes. One pragmatic approach, and often a suc-

cessful one, is to detern,ine apparent permeabilities on a number of

samples, with the presumption that they won't all have the same number

of flaws, and with different sample ti_icknesses, with the presumption

that a flaw is less likely to penetrate through in the case of the

thicker samples. If substantially the same value for P is obtained in

all cases it is fairly good evidence either that true permeability is

being measured or that other means of passing gas are inherent and uni-

form in tile film being studied.

Sometimes the above method is not practical, possibly because of a

limited choice of samples or because individual experiments take too

long. l"urtt, er, if inherent capillaries are suspected, it may be desirable

to confir.l or disprove tile ilypothesis. In t_ithcr case a great deal can I,e

learned from tile behavior of the apparent permeability with temperature.

The development below will be confined to a sligt, tly soluble gas. As al-

ready pointed out, this is the only ease where the theoretical temperature

behavior of the permeability is simple, l"or simplicity it will also be

confined to the case where the {'i Im has uniform capillaries a,d the gas

in the capillaries is in equilibrium with that dissolved in the film, al-

thout2h these simplificati_ms do n¢_t appreciably afl'ect, the conclusions to

be drawn.

In the steady state tile over-all flux is simply the sum of t. hat due

to diffusion and that due to mass fl_,_:

dr/



where c/ denotes the concentration of gas dissolved in the film, cg that

in the gas phase in the capillaries, 0 the fraction of the cross section

that consists of capillaries, and v the velocity of the gas in the capil-

laries. Substituting c! = $p and c s = p/RT, Equation (20) becomes

dp _v
-J = /)S -- 4 m p (21)

dx I_7

It is convenient to distinguish two cases: (I) the pressure is low

enough, or the capillaries small enough, that Knudsen [low obtains, and

(2) the capillaries are large enough that Poiseulle's law is followed.

In the Knudsen case, the velocity is _iven I0by

kK dp
,-. ," k = r/6 (22)

v _)I' dx K

where p is the density of the gas. If small gas imperfections are ne-

glected, ,/'_p = p_7,_t/DT. I_ith this relation and Fquation (22_, ['quation (21)

becomes

dt, (23)-J = D.¢ -- + L (/:7M) -L'_ '11----_'
dx _ dx

I'quaeion (23) ¢:un be inLet_r_tcd divecLly, ill x fro.. O to d u.d in p

from 0 to P0 (for simplicity; a finite pressure on the low pressure side

offers no difficulty) to _.ive

-dd = I),';i, o + 01. (I_'I._I)"Po

|;ecalling that the permeal,ility is defined by-,Id/'l, o, it is evidently

gi yen by

I' = I)._"+ (.:k(RTM) -!;_ (24)
K

In the Poiseulle case the velocity is _ziven I,y

k P ,11,
v = ; k = r2/8 (25)

T7 dx P



where _ is the viscosity of the gas. Again neglecting gas imperfections,

can be expressed by _ = _0(MT)_, where _0 contains constants and the

collision diameter. With this relation and Equation (25) substituted in

(21), and proceeding exactly as before, the permeability is given by

OkpN
P = DS _ (26)

I / 3/

27/otlM'2T : 2

Frisch 10 using a somewhat different approach arrives at all equation

formally identical with Fquation (20) [his Fquation (8)] and derives a

relation identical with l':quation (24) [his i'_quation (101]. !lis

Equation (12), however, is not the same as Equation (?6) above, in that

his implicitly contains 7 -s/2 in the second term on the right. This ap-

pears to be an algebraic error [not typographical since it is carried on

to his Equation (33)]. Intuitively one would expect, that if the velocity

is proportional to T -V_ the flux, which at a given velocity is proportional

to (/?.7) -1 , would l,e proportional Lo T -3/2

The important point is tl, at the vroduct i:.", which ,L,ilht l.e termed

"true" permeability, depends exponentiall_ on the temperature and almost

invariably (in the case of permanent _*ascs) strongly increases with in-

creasing temperature. Any component of Knudsen ('It)u, and even more sLrongly

any component of Poiseulie flow, would decre_2se with increasing temperature.

Thus the usual Arrhenius type plot. of lo_ I' as ordinant vs. 1"7 as abscissa

should show strong curvature convex toward the _ri_in as either of these

types of mass transfer become important as the temperature is lowered. In-

deed, as Frisch points .uL, a careful anal)_sis o1 the I.empcrat,,re depend-

cncc of the apparcl,t, t,crt ...... l, ilit._ ,l,,,uld ,,11,,_ ,,,,c .... I_ .,l .... ci.,alt: t,f l,u_

important mass flow is buL what type _,1 flow is ilnportant (molecular or

viscous).

The al, ove development has I,een based on mass transfer through a

polymer film, where I' is regarded as the driving force. There is no dil-
l/

ficulty in extendin_ it to metals. I,y simply sul,stituting ct = .'4[,_ in

Fquation (20) and defining P as ,]d."t, I_';. This would alter the pressure de-

pendence of the ._econd t.erms to the' tichi in Iqual io,s (2.l) un,] (2_,), but

the Le.lperature behavior outlined in the pt'evi_J.s I_i,l'a_raph _ould still

obtain.

ORIGINAL F_E _

OF POOR QUALITY
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X-I INTRODUCTION

The topics of sealing and leak detection are closely interrelated in

that the degree of sealing can only be established by suitable detection

methods. Furthermore, the phenomena of sealing is somewhat independent of

what is being sealed. To be more concise the mechanism of sealing can be

viewed without consideration to applications such as valves, connectors, and

other hardware items. Since most mechanisms of sealing may be found in all

varieties of pressurization system components, certain generalizations can

be considered with respect to sealing. This constitutes the objectives of

this Section wherein fundamentals of sealing can be considered and subse-

quently applied to the hardware items as contained in Section Xl.

Leakage and Sealing

The development of space vehicles imposes requirements of hitherto

unknown severity on the leak-tightness of fluid systems. Losses of fluids

contribute to detrimental decrease in space vehicle payload, influence

mission accomplishment, and reliability, produce explosion hazards, and

cause perturbations in vehicle trajectories due to leakage impulse.

The source of leakage can be described as gross or localized depending

upon the mechanism of leakage. Gross effects are permeation or molecular

diffusion through solid materials such as the walls of a pressure vessel.

Localized leakage is generally attributable to seals where a seal is defined

as a barrier to the transport of a fluid from one region to another formed

by the mating of tWO materials together. Hence, the leakage is localized

to the interface formed at the material juncture. The distinction between

the mechanisms of leakage form a basis for an engineering definition of

sealing, or specifically, seals. Since an objective of this Section is

sealing, the sealing of primary interest is that of localized leakage which

is consistant with the commonly accepted application of a seal. Gross

leakage is considered in terms of effects rather than as a sealing problem

and as such, is discussed separately in Appendix X-A of this Section.



Before Proceeding further, an additional distinction between seals

must be made besides that of the simple joining of two materials together.

If relative motion occurs between the materials, the seal is described as a

dynamic seal while the absence of motion implies a static seal. Each of

these topics is considered separately.



X-2 STATIC SEALS

When the surfaces of materials are placed together, void spaces and

contact junctions are formed. It can be stated confidently that leak paths

are formed by the interconnection of void spaces, _" ereas little can be

said about the actual nature of leak paths except that they are generally

small in size. The void spaces are produced by fabrication marks, damage,

and foreign contaminants. An example of the nature of the interface be-

tween two materials is shown in Figure X-2-1. These photomicrographs are of

a lathe-turned surface pressed against a flat glass plate. These figures,

obtained from Reference 3_ are helpful in providing a qualitative under-

standing of the leak path when viewed from the chance interconnection of

void spaces (light areas) to produce a continuous leak path across the in-

terface.

To achieve minimum or zero leakage, the most obvious requirement is to

eliminate or diminish the number and size of the leak paths. Several methods

are available for achieving this goal. These methods are associated with

specific classes of seals identified as separable, semi-separable and non-

separable seals.

Separable seals are formed by two surfaces forming an interface which

after being joined together can be readily disengaged. The leak paths in

the interface can be affected by:

(i) The pressing of the surfaces together producing

microscopic deformation of asperities. The de-

formation is characterized as plastic, elastic,

or both.

(2) The pressing together of surfaces where the

mode of surface deformation is essentially elas-

tic and is associated with the deformation of

the substrate.

(3) The inclusion of a third material in the inter-

face is used to fill the void spaces. These

additional materials are usually liquids and

are described as sealants. Other solid materials

can be employed but the general effects are as

described by the preceding two factors.



Contact Pattern for Aluminum Seal

at 6450 psi Sealing Stress

_..)

FiE. X-2-1

Contact Pattern for Aluminum Seal

at 17,5OO psi Sealing Stress

Photomicrographs of Surfaces in Contact (Ref. 3)



Semi-separable seals are defined as seals which require the use of

tools or some device to disengage the sealing surfaces. Typically, the

seals fall into two categories:

(I) A seal composed of a separable and a non-

separable seal. An example of this seal

is a device where two separable surfaces

are joined together and held together by

a welded segment such as that employed

in the Omega seal (see Section XI). the

welded segment is constructed so that a

tool can be employed to effect separa-

tion while still maintaining the primary
seal.

(2) The inclusion of a third material in the

interface such as adhesives. They pro-

vide a filling of the void spaces and

additionally can produce a bond which

often can be broken with minimum effort

or suitable tools.

Non-separable seals are those formed by the filling of void spaces by

welding, brazing, and diffusion bonding techniques.

Each of the preceding classes of seals are considered in this guide,

book although in separate locations. Separable seals and the separable as-

pects of semi-separable seals are considered in this Section. Welding and

brazing applications are considered in Section VIII. Additionally, separ-

able seals possess the greatest challenge and problems and, consequently,

require extensive discussion.

Deformation of the Leak Path

In the process of pressing materials together, microscopic deformation

of the surface occurs, dizL_:2tiLAg the chance interconnection of void spaces.

Thus, the problems associatei! _:it!_ leakage flow through an interface fall

into two categories, which can be considered separately:

(I) Surface Interaction, the macroscopic deformation

of the materials forming the interface.

(2) Formation of Leak Paths, the probabilistic inter-

connection of void spaces.

- 30-



1
Gitzendanner described a series of experiments using photomicrographic

techniques involving the reflectlvity of light from a surface pressed against

a flat glass plate. Two of these surfaces were shown in Figure X-2-1. The

objective of his investigation was to obtain a quantitative understanding of

the leak path under load. Unfortunately, these visual techniques were not

sufficient to provide this information. Following these early experiments,

a statistical approach to the problem was undertaken by the General Electric
2

Co. In general, the technique consists of generating a three dimensional

map of the topography of one surface forming a sealing interface using auto-

correlation and probability distribution techniques with stylus type in-

spection instrumentation serving as input information. The purpose is to

produce leak path statistics which, when coupled with Abbotts bearing assump-

tion for the deformation process, yield a description of the leak path with

changes in apparent contact stress. Their results, intended to yield a

theoretical-statistical method for calculating leakage, are not available in

final form at the present time.

IITRI 3 approached the problem somewhat differently by correlating ex-

perimental leakage data with the following factors:

(I) Applied load

(2) Material properties

(3) Initial surface topography
(4) Width of interface contact

The problem was to determine the parameters which have a hypothetical signif-

icance to the real leakage path. The interface leakage paths are probably

very complicated judging from the studies of contact area. There may be a

few large paths or many very small paths, depending on the initial surface

topography and load. In any event, it is almost impossible to obtain dimen-

sional descriptors of something which appears to be a random phenomenon.

About the only conclusive fact that can be stated is that the interface of

two materials provides resistance to the interchange of fluid. It was from

this presumption that a conductance parameter was developed. The conductance

parameter was derived from theoretical equations for fluid flow between two

uniformly separated surfaces. The philosophy was simply an assumption of a

hypothetical relationship between uniformly separated surfaces and the seal



sealing interface with its complicated leak path. For example, the transition

flow equation for flow between two circular flat plates has the form:

<3 2)i_h (ro+r I)(P2-PI)
12.76 _ PoAo !
(P2+PI)h

([)

where h 3 = conductance parameter normally identified as

the uniform clearance between plates, in 3

Qo = experimentally measured volume rate of leak-
age flow at standard conditions (STP) in3/sec

ro,r i = outside and inside radii of the circular in-
terface, in

= viscosity of the fluid, Ib-sec/in

P2 = sealed fluid pressure in the interior of the
interface, psia

PI = external pressure on the interface, psia

•P = standard atmospheric pressure, psia
o

A = molecular mean free path at standard con-
o

dittons, in

= correction factort_ 0.9 for a single gas and

0.66 for a mixture

Other theoretical expressions contained in the Appendix, Section X-A,

were employed depending upon the flow regime. In all cases the cube of a

hypothetical channel clearance was defined as the conductance parameter.

Leakage data from experiments on circular metal, plastic and elasto-

merit surfaces pressed togeth_r under varied loads were obtained from Ref-

erences 3, 4, 5, 6, 7, 8, 9, lO, II, 12, and 13. The calculated conductance

parameter was then correlated with interface loading, material properties

and initial surface topography. These results are shown in Figure X-2-2 where:

F = normal load applied to the interface, Ib
2

AA : apparent contact area of the interface, in

n' = Meyer strain hardening index

0" - Meyer hardness, psi
m

(PTV) 3 -- peak-to-valley interface surface roughness

measured in the direction of leakage flow



1

10_1 _ I_ Lapped _Polished

Tulned

_II i0_ 3 "

_ _1o -4
m 0

_ g

0 _

_ i0 -6

i0-7 I I I I I'llt I i I Illll I I lllil

i0 -3 I0 -2 i0 -I 1

p 21n './%"'AModified Stress Ratio?

Fig. X-2-2 Nondimenslonalized Relatlonsh_p

Between Leakage Parameters (Ref. 3)

-._33 _



The criteria developed by IITRI 3 must be viewed as yielding only ap-

proximate results; perhaps within an order of magnitude of the leakage which

may actually be encountered. This data, however, does yield quantitative

data which can be utilized to predict seal performance and, additionally,

serves to show general influences between parameters.

Of the several modes of deformation previously described, many may

occur simultaneously in any interface. Additionally, metals, plastics, and

elastomers behave differently from one another, and must be considered sep-

arately.

The forces acting at an interface are composed of contributions due to

transmitted loads at the points of contact and the effects of fluid pressure

within the interface. The contact loads transmitted between the mating sur-

faces are located at the microscopic surface irregularities. Hence, the

actual contact area is that formed by all of the Individual contact junctions.

Since the actual contact area is unknown, and, additionally, has little sig-

nificance to the leak path, the applied load is assumed to be uniformly dis-

tributed over the apparent interface area. The resulting stress is defined

as the net, normal, apparent contact stress. It should be noted that any

separation effects due to fluid pressure are not included.

Deformation of metal to metal surfaces can be described and classified

into five regimes.

Regime I

Any metal surface, whether it be machined, ground, lapped, or diamond

burnished, will have surface asperities existing on it. Most machining or

grinding techniques tend to make most of the asperities of generally uniform

height. There will always exist, however, a certain number of the asperities

that are higher than the mean values. When two surfaces having such dis-

tributions are brought together, they will initially touch each other on the

higher than average asperities. These asperities will be local in nature

and will not cause appreciable barriers to fluid flow. As a normal force

presses the surfaces together, the stress on the few asperities which are

touching will be extremely high and they will deform readily. As the



asperities are deformed, initial contact between other asperities occurs

until the tops of the asperities of average height have come into contact.

The first phase of material deformation, therefore, is the mating and de-

formation of the extremely high asperities. During this regime of material

flow, the two surfaces will move together under extremely low normal sealing

stresses. During this regime, however, little decrease in fluid flow be-

tween the surface can be expected unless significant elastic deformation of

the surface substrate occurs. This regime is characterized by modified stress

ratios of 10.2 to 10 .3 as shown in Figure X-2-2. It should be kept in mind

that h3 is somewhat proportional to leakage under given conditions.

Regime II

After the peaks of the most dominant size of asperity on each surface

have come into contact, the next increment of material deformation is the

plastic deformation of individual asperities as they mate with those as-

perities immediately opposite. The equilibrium stress level on each asperity

during this regime of deformation will be between two and three times the

yield stress of the weaker material, depending on the asperity shape. As

long as the pile-up of material from one asperity does not significantly

interfere with the material pile-up from adjacent asperity deformation, the

increase in area of contact between the two surfaces will be linear with the

increase in normal load. During this regime of material deformation, it can

be expected that the leakage rate will be reduced drastically with the ever

increasing area of contact. This regime can be approximately identified as

the range of modified stress ratio from IO "I to 10 -2 in Figure X-2-2.

Regime III

As the load is further increased, the material that is piled-up between

asperities radically effects the deformation. As the material pushed to the

side from the reduction in height of one asperity interferes with the similar

material from the adjoining asperity, a further resistance to material flow

occurs. The response of the total deformation process is more the product

of a complex stress field in the bulk material, than of asperity deformation.

This complexity is further complicated by whatever strain hardening charac-

teristics the material in question may have. This regime, which is called

.L¢3s--



the transition regime, may occur when stress levels in the bulk material are

not high enough to cause bulk flow of the material, This regime may be

associated with modified stress ratios in the range of i x IO "I to 1.5 x IO "I

Regime IV

During the previous three regimes of material deformation, stresses in

the bulk of the material were not high enough to cause bulk flow of that

material. When the stress field in the solid is sufficient to produce yield-

ing in a large portion of the material, drastic geometrical deformations

will occur. In the case of flat gaskets, this deformation resembles very

closely that of the Prandtl plastic flow problem. Surface shear stresses

tend to reduce the bulk flow during this regime. Where tie deformable mate-

rial is in a flat gasket form, or in any shape that will allow the material

to slide along the surface with which it is mating, a further decrease in

leakage can be expected due to the shear deformation. Where no increase in

apparent area is effected by bulk flow of the material, this phenomenon is

not useful. The range of modified stress ratio shown in Figure X-2-2 corre-

sponding to this regime is in the vicinity of 2 tO 2.5 x I0 "I.

Regime V represents the effects of load or stress reduction. The

characteristics of the leakage curve in this region is indicative of the de-

gree of plastic or permanent deformation. The general characteristics of

this region are defined as hysteresis effects° Since the deformation is

permanent and depends upon the maximum stress achieved, it is expected that

the leakage would remain constant for large decreases in stress. If the

stress is sufficiently reduced, elastic deformation effects predominate and

leakage changes significantly. Figure X-2-20 illustrates the relationship

between the leakage and contact stress in terms of the flow conductance

factor.

Each of the preceding regimes of deformation are shown in Figure X-2-3

for a typical gasket pressed between two surfaces. The deformation is char-

acterized by changes in helium leakage rate.

Deformation of metal-to-plastic surfaces can be described similarily

to metal-to-metal surfaces. Because of the lower loads required for
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deformation, the regimes of I and II are relatively insignificant compared

to regime III and IV which predominate.

Deformation of elastomers can be identified as completely elastic and,

hence, does not fit into the regimes already identified. The interface de-

formation of elastomers is almost proportional to the applied load. This

was experimentally demonstrated by the inverse relationship between the con-
ductance parameter and contact stress 3. At low normal loading, equivalent to

stresses less than IOOOpsi, the predominant leakage occurs at the interface

formed by the rubber and solid materials. Higher loads produce close con-

formability at the interface and the leakage rate reaches an almost constant

value, suggesting the predominance of permeation flow. Typical leakage rate
characteristics for a confined rubber ring are shownin Figure X-2-4.

Material Properties

Hardness of the interface materials was found by IITRI 3 to be the most

important measure of the ability of a material to deform under load. The

hardness of interest, defined as the Meyer hardness of the softer material

forming the interface, can be obtained using a Brinell test apparatus. This

differs somewhat from the concepts of General Electric Co. 5 in that the 0.2%

yield stress was chosen as an important factor in the deformation process.

Yield stress and hardness are closely related. Tabor 14 demonstrated,

theoretically and experimentally, that the hardness H of many metals and

nonmetals is ,_3_y. At first glance it would appear that either property

could be used to describe the plastic flow of materials, particularly in

respect to the filling of leak path void spaces in a seal interface. However,

the relationship between hardness and yield stress is not sufficiently unique

and is dependent upon other factors. These factors plus other seal-related

advantages qualify hardness as a more important parameter. The argument may

be stated as follows:

(I) Hardness can be measured more easily than yield stress.

(2) The hardness measuring process is geometrically close

to the pressing of an asperity into a surface.

(3) Hardness measurement instrumentation is more consistent

-@39-
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with respect to the reproducibility of results. Yield

strength instrumentation Is also consistent, but the

shape of the material specimens varies as do the results.

The Brlnell hardness number (BHN) is expressed as the load P divided by

the surface area of the indentation:

F
BHN = (2)

(_D/2) (D - _D2-d 2)

where

F = applied load, kg

D = diameter of bail, ._

d =diameter of indentation, mm

Several deficiencies exist that limit the interpretation of hardness

measurements :

(I) The hu,mn error in measuring the impression diameter

that is caused by ill-defined edges of the indentation.

(2) The elastic recovery of the indentation induces an

error that is a function of the indenting load.

(3) The interpretation of the contact area and its re-

lationship to the deformation phenomena.

(4) The variation in results that is due to the magnitude

of applied load and the geometry of the indenter. Un-

less geometrical similarity is maintained, strain-

hardening effects can predominate and prevent the

correlation of test results.

Th_ definition of Brinell hardness is an example of improperly defined

surface area. The appl|ed load is assumed to be distributed over the apparent

surface area of the dent. It can be shown that the Brinell hardness number

of a material is constant only for one applied load and diameter of ball. To

obtain consistency of results at nonstandard loads, geometrical similarity

must be maintained. This problem was investigated by Meyer (discussed by

Dieterl%, who suggested that the projected area of contact is an improved

parameter. The me,an contact stress between the surface of the indenter and

indentation is defined as projected area of the indentation.



4F
Meyer Hardness = _ = -- (3)

m d2

Meyer hardness is reportedly less sensitive to applied load than Brinell

hardness. For a cold-worked material, the Meyer hardness is essentially con-

stant and independent of load while the Brinell hardness decreases as the load

increases. For an annealed material, the Meyer hardness increases continuously

with increasing load, whereas the Brinell hardness first increases and then de-

creases. Additionally, the Meyer hardness based on the projected area of con-

tact, is independent of the indenter shape.

15
Meyer also proposed an empirical relation between load and the diameter

of the indentation considering the effects of strain hardening. This relation,

usually called Meyer's Law, is

!

P = kd n (4)

where

n' = material constant related to strain hardening

(Meyer index)

k = a material constant representing the resistance

of a metal to deformation

The material constant in the exponential equation for the true law is

approximately equal to the strain-hardening coefficient n plus 2; i.e.,

n' = n + 2 (5)

The strain-hardening coefficient can be readily determined from the slope of

a log-log plot of a plastic portion of the stress-strain curve, as shown

typically in Figure X-2-5.

When indentations are made with different diameter indenters, different

values of k and n' are obtained.

P = klDlnl' = k2D2n2' = k D n.'j j j (6)

)
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An easy method for determining the Meyer index n' is through a hardness

test. By pressing an indenter against a surface under varied load conditions,

the dent diameter can be measured. The Meyer index can be determined from a

log plot of the data if we consider Meyer's law in the form

log P = log k + n' log d. (9)

The slope of the curve is n'. For hard materials, the various loadings

available in a Brinell testing machine may be used and for softer metals a

standard testing machine may be used to provide the load, and a precision

steel ball used for an indenter. In making these measurements care should

be exercised to maintain geometrical similarity in the ratio of the impression

diameter to the ball diameter (d/D) for all of the metals tested. The range

of validity for Meyer's law is O.I < d/D < 1.O 15 . A series of experiments was

conducted on a number of metals and nonmetals. These results, shown in

Table X-2-1 were obtained for a d/D of approximately 0.5.

MATERIAL

Table X-2-1

MEYER HARDNESS AND INDEX FOR VARIOUS MATERIALS

102 Copper
IIOO - O A1

2024 - O A1

5086 - H32 AI

6061 = T6 AI

2024 - T351 A1

7075 - T6 A1

Teflon

Lead

321 CRS

CI141 Steel

MEYER HARDNESS (psi)
J • ..... . ..

109,OOO

48,700

89,600

139,000

159,000

202,000

262,000

3,870

4,390

202,000

308,500

MEYER INDEX

2.09

2.19

2.44

2.14

2 .OO

2 .OO

2.OO

2.80

2.33

2.35

2.22
, , , ,,

Creep may have an important effect on the magnitude of Meyer hardness

and index, particularly for Teflon and lead. The results shown in Table X-2-1

were obtained for a load application of one minute. While it is recognized

that the results may not be completely accurate, they are sufficient for use

in the development of interface deformation correlations.
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Surface Topography and Fabrication Techniques

Of all the parameters influencing sealing, surface topography is the

most important and also the most nebulous. It is a complex parameter that

is difficult to measure and impossible to describe simply. It is a parameter

that varies with material properties, substrate geometry, and fabrication

processes. To present a comprehensive survey of each of these aspects would

require the repetitious presentation of very adequate discussions available

in the literature. To maintain continuity, however, each will be briefly

considered with the suggestion that the reader,refer to References 4, 5, and

6 for additional details.

An appreciation of the problem can be best developed by considering the

cause and effect of surface topography with emphasis on the formation of the

leakage path when two surfaces are mated together. Although a majority of

surfaces appear to have random topographies and consist of many irregular,

jagged protrusions, there are definite patterns that characterize a surface.

These patterns can generally be classified according to the number of occur-

rences or, if viewed as a periodic disturbance, by wavelength. The irregu-

larities of longest wavelength are caused by flexure of the part being formed,

by deflections of shafts and slideways in the machine tool. Superimposed

upon this waveform are other vibrational effects. The next shorter wavelength

is that contributed by the method of fabrication, such as the formation of

spiral crests formed in a lathe-turnlng process. This predominant orlentation

of a surface pattern is defined as lay of a surface. The controlling factor

of lay is in the fabrication process producing variations described as spiral,

parallel, circular, and multidirectional, relative to some reference.

The smallest distrubance is produced by localized tearing and shearing

between the cutting element and the surface. In addition to these surface

characteristics, there is a class of random irregularities called flaws.

These occur at one place or at infrequent intervals on a surface. Scratches,

ridges, holes, cracks or checks are examples of flaws.

The preceding characteristics are often broadly classified by the terms

surface roughness or waviness. Roughness takes into account the finer irregu-

larities caused by the cutting tool a_ the machine tool feed, while waviness



is the wider spaced irregularity, resulting from machine or work deflections,

vibrations, heat treatments, etc. To distinguish between these two forms, a

roughness-width cutoff is often defined to specify the maximum width of sur-

face over which roughness is measured. Wide disagreement exists concerning

instrumentation and techniques for the evaluation of surfaces. It is not the

intent here to suggest that the following methods described are the ultimate.

They are, however, commonly used and the results obtained have been reasonably

satisfactory. Three instruments for surface evaluation are:

(i) Stylus instrument for roughness and waviness

measurement. This instrument records the surface

topography in a single plane normal to the surface.

(2) Optical flat for over-all waviness. The optical

flat provides a three-dimensional view of large

surface irregularities and is limited to flat and

fairly reflective surfaces.

(3) Interferometer for microscopic measurements of

surface topography. The interferometer provides

a three-dimensional view of small surface irreg-

ularities.

The measurement and identification of surfaces discussed in this Section

are based on a human interpretation of information obtained from the stylus,

optical flat and interferometer instruments. The real surface, being complex,

introduces substantial variations in interpretation of data. To completely

describe a surface, the following information must be known as a minimum:

(I) The waviness of the over-all surface (assuming a d_
finition of waviness based upon the 2nd, 3rd, or n

order wave-length characteristics of the topographical

distrubances).

(2) The average roughness

(3) The maximum average roughness (peak-to-valley varia-

tions)

(4) The statistical distribution of asperities by height,

wavelength, and location over the entire surface

(5) The directional pattern of the surface lay

Each of these factors can be described, but not in simple terms. Unless

the language is simple, the factors cannot be interrelated. In view of the

limitations on surface interpretation, waviness and average peak-to-valley

-qqS-
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roughness were chosen as the factors for use in the development of empirical

correlations. The selection was based solely on the ability to define the

factors easily with existing instrumentation.

Waviness is interpreted as a maximum surface variation having a wave-

length greater than 0.030 in. - and conforms with MIL-STD-IOA. The surface

waviness of importance to sealing is that normal to the direction of leakage

flow, as shown typically in Figure X-2-_. Roughness, on the other hand, is

measured either in the direction of, or normal to, the leakage flow. When

surface lay predominates, the roughness in the direcSion of flow is used

while surfaces possessing no lay effect are measured normal to leakage flow.

Roughness is interpreted as an average peak-to-valley variation since it has

some similarity to the seal leak path and is more reliable 'than Root-Mean-

Square or Arithmetic Average descriptors.4 Following this procedure, two

numerical descriptions are developed, one to describe waviness and the other

roughness. Other directions of waviness could be described but this would

induce another descriptor and it is not known how this additional number

could be gainfully employed.

Roughness Without Lay

Direction of

Leakage Flow

Roughness with

Surface Lay

Waviness

Figure X-2-6 Location of Topographical Measurements

on a Circular Gasket Surface
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Waviness is primarily determined by the surfhce fabrication process.

Even with the same process, substantial variations occur. Thus, it is not

possible to associate a specific waviness with any fabrication process or

other factor. It is possible, however, to assign ranges of waviness varia-

tions which can be associated with the fabrication process. Since an even-

tual corL-elation is based on considerable data, it is felt that the waviness

influence becomes an averaged effect. Figure X-2-7 shows approximate range

of waviness obtained from many experimental surfaces. It should be noted

that this information is restricted to interface size geometries less than

3 in. in diameter.

The influence of surface lay can be hypothesized almost intuitively.

When surfaces are rough, > 151zin. PTV, the orientation of lay should be

4
normal to the average direction of leakage flow for minimum leakage.

This observation is reasonable if we consider that a surface possessing lay

has uniform crests and valleys. Thus, a leak is easily formed by the valleys

when their orientation is in the same direction of leakage flow. Surface

variations < 15_in. PI%Z do not requir_ preferential orientation because

the valleys usually have thu same depth as the irregularity in the crests.

It should be noted that mulLidirect[onally-formed surfaces do not have pre-

ferentially foFmt.d crests and valleys. These surfaces often ilave variations

<15_in. PTV and, consequently, can be expected to produce leaks similar to

fine-finish, p_eferentially orientud surfaces.

Surface fabrication techniques can be grouped into four classes based

on the degree uf surface finish and the mode of surface deformation. The

classes aFe:

Class [ N,) sulfate disLurbances on either mating

surface obset-vablt, wiLh common microscopes (lO00 X).

l'hese su[faccs when p['ess_d together produce a mini-

mum leakage path by almost perfect ,,ating. Any

waviness effects are di,,inished by elastic deformation

of Llj_' ,,at_.Fial substuatc.

Class iI - Few _aildom disturbances not exceeding 2 Izin.

Pl'V.

Clas_ .Ill - PrefeFcntial orientation of the surface

lay so that a uniform barrier to leakage may be cre-

ated.



Class IV - Many random surface disturbances greater

than 2_ in. PTV.

The first two classes of surfaces are very similar in that an attempt

is made to achieve surfaces having minimum surface variations. Actually,

it is difficult to achieve Class-I surfaces because of contaminants, im-

perfections in the fabrication process, and damage due to handling. General

Electric 2'12 obtained surfaces which came close to having no surface varia-

tions. These surfaces were generated by Jones Optical Company, Cambridge,

Massachusetts and the Up-Hi Company, Ltd., Tokyo, Japan. These references

give photomicrographic evidence of the degree of surface perfection that

can be achieved. The distinction between Classes I and II is not well de-

fined except that the Class-ll surface has slightly more topographical

protusions. Figure X-2-8 shows a photomicrograph of a Class-ll surface pre-

pared on 321 stainless steel. A corresponding interferometer photo is shown

in Figure X-2-9. The minor surface disturbances are indeed small and be-

yond the range of interferometer measurement. A small scratch having a

depth of_2_in, is shown in the center of the photo.

The generation of Class-ll surfaces is accomplished by polishing lapped

surfaces using fine diamond or oxide dust. Class-I surfaces are probably

obtained in a similar manner, but using special techniques. The process

used in producing Class-I surfaces by the two firms cited, is considered

proprietary information.

Class-Ill surfaces are typically those that have a preferentially

oriented and undisrupted lay obtained by lathe-turning very small spiral

grooves on a surface. This is followed by a diamond-polishing operation to

remove the last vestages of gross waviness variations. Figure X-2-10 shows

the resulting surface on 321 stainless steel while Figure X-2-11 shows a

corresponding interferometer photomicrograph. The depth of the valleys was

approximately 15_in.

Class-IV surfaces encompass the vast majority of surfaces encountered

in most engineering practice. Two typical 321 stainless steel and 6061T6

aluminum surfaces are shown in Figure X-2-12 and X-2-13. These surfaces

may be considered good lapped surfaces and yet, when compared with Figure

X-2-8, are extremely rough. The topographical variations shown on the



interferometric photographs (Figures X-2-14 and X-2-15) are In the range

of 2 to 5_in. The aluminum surface is slightly rougher than the steel.

This rougher surface on soft materials is common in lapping and polishing

processes.

.Design Cylt_!Kia - Metal and Plastics

The correlation of parameters influencing leakage through an inter-

face were derived by IITRI 3 encompassing the four classes of surface fabri-

cation processes. These correlations are shown in Figures X-2-16, X-2-17,

and X-2-18, for turned, ground, and lapped and polished surfaces, respec-

tively. The charts contain all of the important parameters describing the

leakage path. These include the hardness of the softer interface material,

the apparent interface geometry and the initial surface topography of the

harder material. Thus, for any interface where the preceding conditions

are known, the designer can predict the leakage rate. Leakage is given as

f (conductance parameter, sealed fluid pressure, fluid

properties, and gross geometry of the interface).

The functional relationship in this expression is given by an assumed

state of fluid flow through hypothetically separated surfaces. The func-

tional relationships are presented in Appendix X-A.

The criteria for predicting leakage has several limitations. The first

limitation concerns the ,,_inilnUm width of interface contact in the direction

of leakage flow. Generally, insufficient information is available to place

a positive value on tlle width of contact because of the influence of

scratches, surfac_.s ch,f_cts, and fab,'icati,u, marks. Some t_xperin|ents by

IiTRI 3 did show that the criteria for pr_dict[ng [_akage will apply to in-

t,_rface surfaces gr_:atvr than 0.O12 in. in widLh. This, however, must be

accepted on an individual basis. Further work is needed to determine ab-

st_lutL: minimum widths of ct)ntaut, it .M_ould bt_ nt_te(l that leakage can be

expt'ct_,d t_ b_, substantially larg_, al_d m,i)l'vdictabh.' wht',l c,mtact areas

art; t_o narrow, l ht, second limitati_,n _*f the: cri[eria pertains tu the pre-

dicti_,n of lt, akage under full plasticity conditions. This region is des-

ignated at modified stress ratios gr_:ater than 0.2 and represents the very

steep portion of the curves shown in Figures X-2-16, X-2-17, and X-2-18.
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Fig. X-2-12 
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Pig. X-2-13 Interference Photomicrograph of 
the 321 Stainless Steel Surface Sham i n  
Pig. X-2-12. 
PTV 

Roughness is Approximately 2 pin. 

4 b- 0.0005 in. 
Fig. X-2-15 
6061T6 Aluninm Surface Shcrwn i n  Fig. X-2-14. 
Roughness is Approximtely 5 pin. PTV 

Interference Photanicrograph of a 
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Since leakage is close to being a proportional function of the conductance

parameter, the exact value of the conductance parameter (hence leakage)

will not be readily predictable. For example, the curves shown in the

Figures terminate at values of approximately h3 I x 10 -22 3= in. Values

lower than this are possible but not predictable due to the rapid closing

of the leak pattern as shown by the steepness of the curves.

An example showing the application of criteria can be demonstrated

by considering a cover, as shown in Figure X-2-19, to seal a cavity con-

taining helium gas at varying pressure. The objective is to produce a

relationship between the load restraining the cover and the requirements

for minimum leakage. The input information is:

Cover material 17-7 PH, age hardenable s_ainless steel

Meyer hardness 238,000 psi (Brinell 168)

Mating surface - AM 355, age hardenable stainless steel

Meyer hardness 540,000 psi (Rockwell-C-53)

Surface finish - Both surfaces rotary to IO_in. PTV

A net load relationship can be obtained from Figure X-2-17 for a low

value of conductance, say h 3 IO-22. 3= in. which yields:

_F21n '

A A ii

O.25 (IO)

l-lencc

where n' = 2.3 (sLrain hardening index of

the softer 17-7 PH material)

2
A_ = O.O12 in .---of contact

in

= Meyer hardness of 17-7 PH material
m

F = net interface load per inch of

interface circumference

F =" [0.25(238,000)(0.012)] 1"15

F = 1890 lb/in

(11)



The total load F which must be applied to the parts shown in Figure

X-2-19 is given:

= i - Plr + ri)(ro-r i (12)F F ÷ lr(P2 r2. ) +

The preceding equation contains all of the forces, including fluid

pressure gradient effects, in the interface. A linear gradient P2-PI

2
assumed for a close approximation.

is

Leakage through the interface can be calculated by assuming the pressure

of the sealed helium ranges between IO0 and 2000 psi. Applying the equation

for transition flow between two circular flat plates, the volume rate of

leakage flow can be calculated as shown in Table X-2-2 for the following

conditions:

W W

Qo _fo p R TO O
O

3

Qo = leakage rate, in /sec (STP)

D

P1 = P = 14.7 psiaO

T = 68°F
O

R = 4630 in/°R
O

= 2.8 x lO'91b-sec/in 2 (viscosity of helium)

E :O.9

_ = 13.O x 10"6in (STP)
O

r = 1.006 in
O

r. = 0.994 in
1



Table X-2-2

CALCULATED LEAKAGE RATES

P2 (psia) LEAKAGE RATE (cc/sec)(STP)

114.7

514.7

1014.7

2014.7

3.O1 x 10 .6

-5
I.54 x IO

-5
3.26 x [O

-5
7.05 x 10

I
/

Sealing

I nt _'t'faL'e

F

i

I

_J

AH355 qp.---- r
L

L7-7PI{

r-r.=O.O12 in.
0 1

t:ig. X-2-|9 G,!cnllutry of ,t Sealing Covei

q55



Caution must be exercised when calculating liquid leakage. Surface tension

effects may be the dominant factors in the flow process when the conductance

is small. An estimate of the effects of surface tension can be obtained by

assuming surface tension in a hypothetical channel of a dimension equal to

the cube root of the conductance. Unfortunately, the influence of surface

tension is unknown because the variables of wetting angle, surface contam-

ination, and leak path geometry cannot be precisely defined. Related to

this topic is the deliberate clogging of the interface by liquids in gas

sealing applications. This method of sealing has been referred to as "wet

16
sea is".

The leak paths formed by the contacting of two materials forming a

sealing interface can be clogged by liquids that have an ability to wet the

mating surfaces. Wetting of the surfaces by the liquid produces capillary

or surface tension forces which oppose the transgression of another liquid

or gas through the leak paths.

The capillary force between a liquid-solid interface depends upon the

manner in which they meet. The contact angle between a liquid and a solid

is the angle between the solid and the tangent to the liquid (at the point

of contact normally observed at the boundries of the liquid). The surface

tension of the solid and liquid phases and interfacial tension between

these phases determines the magnitude of the contact angle and thus the

capillary force.

TRW Systems 16 reviewed the literature concerning applications of

liquid metals to surfaces. Particular attention was given to physical pro-

perties, wettability characteristics and wetting techniques, corrosiveness,

known compatibilities, and related usage. Subsequently, two liquid metal

systems were selected consisting of: (I) mercury-indium-thallium and

(2) gallium-indium-tin.

Under certain conditions, circular, flat interface surfaces were found

-6
to provide minimum leakage sealing (less than I0 cc/sec) with these mate-

rials. Several p_oblems encountered concerned surface reaction including

chemical effects, reusabil[t\', undo, fined bonding due to long term contact,

and poor lubrication properties in dynamic seals. Another conclusion

-Vo- -



reached by TRW Systems 16 was that surface finish for the sealing surface is

a very important condition relating to the ability of liquid metals to pro-

duce essentially zero leakage under high and low pressure conditions. Sur-

face finish requirements are in the vicinity of one micro inch or less.

Another aspect in the application of the criteria concerns the use of

coatings, plating, and thin films. Generally, the plastic deformation of

the interface will be governed by the properties of the softest material

present. Hence, the effects of soft material coatings, etc. may be expected

to be the same as though the entire substrate were of the soft material.

The hysteresis phenomenon is described as the relative effects of per-

manent interface deformation compared with the elastic deformation. This

phenomenon (Deformation Regime V) can be described as follows: Two sur-

faces pressed together under load produce a given leakage rate. When the

load is relaxed, little change in leakage occurs until the load is suffi-

ciently relaxed, whereupon a significant increase in leakage occurs. A

furtlner increase in load produces a lower leakage rate and if the load is

again relaxed, the same phenomenon occurs. The magnitude of load relaxation

permissible depends upon tile maximum applied stress. Typical results from

Reference 4 are shown in Figure K-2-20.

The exact nature of the hysteresis phenomenon is tied in very closely

with t|le elastic deformation of the interface substructure. This would in-

clude the seal structure and other seal-related parts. Hence, it is Im-

possible to define rigid guidelines for its effect. Another p_'oblem is to

define: the limits of acceptance in terms of inct'ease in leakage. For exam-

ple, i l_ R_ft:renct: 4 it was ft_und that the sLress ,el flat mating surfaces

could be rulaxc:d as much as 50 per cent without a ]00 per cent increase in

leakage. A corr¢_sponding one-order-of-magnitudL, change in leakage for

stressl:s bctwoell the yi_:Id and or . When thv stresses are below \,ield, the
Ill _ "

eff_:ct._ of hb'sl_L'_i_ are variabl_- a,d should not be depench_d upon tot

sealing. When the maximum StL'eSS [S c_quivalent to or , the load on tile sur-
Ill

face can be r_[axcLl until LIAr' load is approximately equal to i/lO _he load

necessary for minimum interface co_,tact width. All increase in leakage less

than one ordeL" of magnitude can be L,xpected.

.-
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The reusability of static sealing interfaces after separation is not

permissible unless an increase in interface load accompanies each reuse.

The increased load is required to produce additional deformation of the bulk

surface or localized disturbances. The most promising surface classes for

reuse are as follows:

qlass I or II. The deformation of these surfaces,

being mostly elastic, should require no increase in

load prior to each reuse. However, solid and liquid

contaminants are often present when the surfaces are

disjoined. To achieve elastic contact when rejoined,

all contaminants must be removed. This implies that

particles less than 1/40 micron must be cleaned from

the surface. This is indeed a difficult task em-

ploying the best cleaninK techniques. Another source

of contamination is the sealed fluid. When the

surface substrate relaxes due to a decrease in load,

leakage increases corresponding with a small separa-

tion of the surfaces. The separation permits small

particles of fluid-borne contaminants to enter the

sealing interface and, when the load is reapplied,

the surfaces no longer contact each other. To im-

prove the contact, a higher load must be applied

causing localized elastic and plastic deformation

around the contaminants. This effect was shown by
General Electric. * Typical leakage results of a

Yatabe polished surface are shown in Figure X-2-21.

Two polished surfaces were pressed together and a

one atmosphere differential was impressed across the

system. Leakage was measured with increases in nor-

mal stress until a leakage rate of 10 -6 cc per sec

(helium) was reached. At this time the internal

pressure was increased and the load adjusted so that

the normal stress remained constant although leakage

increased as a result of the higher pressure. Again,

the normal stress was increased and leakage was ob-

served. It can be observed that after each succes-

ive increase in leakage, a higher stress was required

for minimum leakage. This is attributed to the gas

contaminants entering the interface. After the

fourth repetition of this process, it required 31,OOO

psi contact stress to achieve a minimum leak rate of

5 x 10 -7 cc per sec. This stress is approximately

equal to O.13(r m. At this stress, a leakage of the

same range could have been obtained by plastically

deforming rougher surfaces.



Class III_ These surfaces depend entirely on plastic

deformation for sealing. When the surfaces are dis-

joined and rejoined, a load increase of 5 per cent is

sufficient to again produce full plasticity.

In summary, neither surface or deformation mode

is entirely satisfactory from a reusability standpoint.

The Class III surface offers greatest reliability since

the magnitude of load increase is not dependent on very

small contaminants. However, the load required for

initial deformation is substantially higher than the

Class I or II surface. The Class I or II surfaces are

susceptible to handling as well as to contaminants and

the load increase is not readily predictable. Hence,

a compromise must be made on the choice of surface when

reusability is a requirement.

The deformation of plastics requires additional

considerations to the extent that without proper con-

straints, the phenomenon of cold flow can exist. The

reliability of plastic materials cannot be assured un-

less the bulk flow of the material is precluded by

proper geometric constraints. This problem exists to
a lesser extent with metallic materials and is associ-

ated with creep and the region of full plasticity

(modified stress ratio >0. I).

Design Criteria - Elastomers

Elastomers deform to mate with rigid surfaces by large elastic de-

formation. The normal stress required for minimum leakage is a function of

the material hardness as measured by various Shore Instruments. 17 The

softer the material, the lower stress required for sealing. IITRI 3 devel-

oped a relationship for the conductance of elastomeric interfaces of the

form:

where

h(x) 5"7xi0"I0 H3"25= (13)

a x

h(x) = cube root of the conductance parameter and

is a function of a point (x) in the inter-

face

H = Shore A hardness of the material

h max = PIY surface finish of the mating material

normal to leakage flow

a = contact stress at a point (x) in the inter-
X

face

. uH-



In the case of the deformation of metals and plastics, the conductance

was assumed to be an average value for the entire interface. In other words,

the deformation across the interface was assumed to be constant. This was

a reasonable assumption since the contact forces were of primary interest

and the effects of fluid pressure were insignificant in magnitude. Elas-

tomers, however, are readily deformed and consequently, the effects of fluid

pressure must be considered. This is the primary reason for designating h

and _ as functions of (x). The following example shows the application of

the criteria and further explains the preceding effects.

The general case of a rectangular cross-section ring is chosen for

analysis. The ring is assumed robe confined between two flanges, as shown

in Figure X-2-22. The radial displacement of the rubber is constrained by

two substantial rings.

If the curvature of the seal ring is neglected, the geometry of flange

A can be represented as a rectangular flange with no leakage past the edges.

This approximation is valid when the ring width is small compared with the

diameter. The approximate geometry is shown in Figure X-2-23. )

Forces Acting at the Interface are:

where

2
p_D.

I

PN P 4 (14)
b-_ = bX = P(x) -- _ (x)

PN/bX = average net interface stress

X = width of interface in the direction

of leakage flow

b = depth of interface normal to flow

PN = net load

P = flange load

p = sealed fluid pressure

P(x) = fluid pressure at any point x

_(x) = normal stress at any point x

z/G
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Do -_

D i

P

\\\\\\

Rings
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yl Ring

= Flange Load

Figure X-2-22 Circular Ring Pressed Between Two Flanges

A L_r(Do + Di)

PN 2 _I

Hel lum Pressure

Figure X-2-23 Approximate Geometrical Representation of the Seal

Interface



The weight rate of flow simultaneously through two interfaces, shown

in Figure X-2-23 under the assumptions of laminar, compressible flow is:

_bh3 dp
W =YQ = 6_ dx

(15)

Rearranging terms ;

X

wl
o

P=Po

6_RT dp

p=p

Combinding Equations (13), (14) and (16) gives:

b(l.85xlO-28)H 9"75

6X _ RT

P=Po

f
P=Pl

P dp

a+b- _ -

(17)

Integration yields:

W =

b( i.85xlO'28)H9"75

6X_ RT

where

PN

a + b-_ " 2Pl

2 +b-_- p

.7 x Io-IO)H TM

h
max

PN

a + -- - 2PobX

(18)

(19)

.)



If the following actual identities are substituted into Equation(23_

the volume leakage rate at ambient conditions can be calculated. The re-

sults are shown graphically in Figure X-2-24 along with comparative ex-

perimental data.

Butyl Rubber Seal

H = 70 Shore A

h = 46 _in PTV
max

Pl = 360 psia

P ffi 14.7 psia
o

= 2.83 x IO "9 Ib-sec/in 2 (viscosity of helium)

X = (Do " Di)/2 = O.134 in

D = 2.500 in
o

D. = 2.232 in
1

-(D -D.)
b = o 1 ffi

2 7.42 in

P
W o

Qo )_o and RT = Fo

Y
o

= specific weight of helium (STP)

The conductance clearance Equation 13 applies to any rubber material. In

most cases, high contact loading produces permeation flow. Thus, limita-

tions must be placed upon Equation 13 from the standpoint of minimum leak-

age prediction. The permeation rate can be estimated from the data in

Appendix X-A and the procedures and data contained in Volume II, of Ref-

erence 4.

The rubber material must be devoid of all contaminant's including

large surface scratches. If a grease lubricant is applied to the surfaces,

the properties of thv lubrica,lt should be used initially to predict its

flowrate through the inLerface.
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X-3 DYNAMIC SEALS

Leakage flow occurs through the interconnection of void spaces for,ned

by the topographical variations of static mating surfaces. Deformation

of the surfaces by applied loads produced a change in the interconnection

of void spaces. Leakage, therefore, was shown to be dependent upon the

degree of deformation. When gross relative motion occurs between surfaces,

the magnitude of applied loading must intentionally be small to minimize

energy dissipation. Hence, the defornation exhibited by rubbing surfaces

is not expected to be the same as that by static surfaces. Another

form of deformation caused by wear predominates in rubbing contact. A

disruption in the chance orientation of void spaces is accompanied by

changes in surface topography through the various mechanisms of wear.

The factors influencing the magnitude of fluid interchange or leakage

through a static interface have been identified as ,lJaterial properties,

applied load, and the initial topography of the surfaces. Similarly, these

factors may be expected to be of significance for interface surfaces having

relative motion. The imposed motion, however, introduces two additional

factors, wear and friction. Each of these factors, while somewhat related,

has different effects from the viewpoint of sealing. Friction is of interest

because of detrimental energy dissipation, in the form of low system

efficiency, heat generation, thermal deformation of seal parts, and heat

generation producing physical or chemical changes in the fluid between the

interface surfaces. Wear, on the other hand, is of interest because of

the loss of material from the rubbing surfaces and, more importantly, the

topographical changes of the surfaces associated with the wear process. The

latter aspect is considered significant solely from experimental observations

of leakage through static interfaces 3'4'5 and the resulting roughness observed

when surfaces rub together. For example, two mild steel surfaces of IO _in.

finish, when statically pressed together, produce an equivalent leakage



18
channel gap* of approximately I0 _in. Observations by Finken, however,

showed that the rubbing of similar surfaces in air produced a surface

roughness of 200 _ In. Hence, rubbing may be expected to produce a 18rger

equivalent leakage channel with a corresponding three-order-of-magnltude

increase in leakage through the interface. Unfortunately, little information

that ties wear, surface topographical changes, and leakage together is

available.

To fully describe the effects of wear, consider the following example.

Two surfaces possessing an initial roughness are rubbed together. The

various mechanisms of wear produce an increase or decrease in roughness

depending upon load, material properties, and initial finish. Simultaneously

wear debris and transfer are generated. If the debris and transfer particles

are larger than the roughness, the surfaces will be separated by a distance

determined by the debris size. If the debris and transfer particle size

are smaller than the roughness, the surfaces will be in contact. Thus, the

following statement logically follows:

The physical condition (leakage path) of an interface is

determined by the magnitude of surface roughness or the

size of wear debris and transfer particles depending upon

which is larger.

Experimental investigations of wear fragment generation show that the

fragments are large in number and in size. An estimate of the wear particle

diameters for sliding systems can be obtained from material surface energy
19

considerations.

D

The concept of an equivalent leakage channel gap is based on the

results of experimental leakage measurements and theoretical flow

equations. The equivalent channel represents a model of the

interconnected void spaces in the interface.

.6/7/-

)



d = 2.3 x 10 -4 _Wa---_ in. (20)
H

where

Wab = surface energy in ergs/cm 2

H = hardness in kg/mm 2

A review of the literature and experimental evidence has shown that the

average particle diameter for the best combination of sliding materials

is _ 50 to IOO _ inches.

An estimate of the number of particles generated, N, can be obtained

by experimentally determining wear coefficients, k, using the formula

N - kP (21)

3Hd 3

where P is normal surface loading and the wear rate is equal to Nd 3. From

the preceding formulas, the magnitude of wear and particle size can be

estimated. The leakage rate through a seal can, therefore, be determined by

applying the appropriate flow equation derived from principles of

fluid mechanics.

Another type of dynamic seal is the intersticial seal. These seals

employ surfaces which are separated by a finite distance through the

mechanism of fixed clearances such as a throttle bushing, hydrodynamic lift

hydrostatic separation, and viscous seals. Generally, these seals are not

used in pressurization systems because:

(1) The throttle bushing requires a finite clearance

resulting in high leak rates.

(2) The hydrodynamic, hydrostatic and viscuus seals

are applied principally in rotary shaft applications

which are not found in pressurization systems.

Further detailed discussion on the topic of wear and other types of

dynamic seals can be found in Reference 3.



X-4 RECOMMENDATIONSFORMINIMUMLEAKAGE

Static Sealin_

The easiest and most reliable sealing can only be achieved through tlle

use of seml-and non-separable seals. This implies such techniques as

welding and brazing. Unfortunately, this form of seal it_g is suitable only

when the functioning parts are not required to separate as in the case of

tube connections. Pressurization systems, however, do require other forms

of separable seals such as valve seats and component enclosures which cannot

be permanently joined. For these cases, wet seals and freeze seals appear

to offer the greatest advantages from a minimum contact load and surface

deformation standpoint. These seals, however, are still in the development

stage. Consequently, the only recourse at the present time is to employ

one or more of the various modes of deformation for separable seals.

Minimum leakage is usually desirable with minimum interface loading.

This can be achieved by elastically deforming rubber or metallic materials.

At higher loads, metals and plastics can be employed through plastic

deformation of the materials.

Elas_ic defornmtion of metallic surfaces requires the surfaces to be

very highly polished with few surface disturbances smaller than I pinch.

The waviness must be approximately the same value, depending upon the geometry

of the substrate mater_al. These surfaces are difficult and expensive to

produce and susceptible to handling dan_ge and foreign contaminants. The

p_rformance of the elastically deformed interface can be superior to the

plastica]]y deformed interface. The performance, however, is unreliable

because of factors over which one has little control. In addition, the

elastic seal surface is difficult to evaluate in large diameter seals

(greater than 4 inciles) du_ to limitations of inspection techniques.

Plastic deformation of the sealing interface offers reliable performance,

but at the exp_nse of very high to.tact loads. Milli,mml leakage can be achieved

when the interface loads approach the Meyer hardness _f the materials. Hence,

materials with low hardness art. preferable to harder materials. 'I'o illustrate

this po'int, thL: M_:y_r har(Ir..ss, _, of plastics is *-4000 psi compared with

ORIG|N_L P_-_ l_

OF POOR QUALITY



over I,OOO,OOO psi for hard metals. An average elastic stress for rubber

materials is _ IOOO psi.

It has been found that sealing generally occurs within a reasonably

predictable range of stress. Even though the leak rate depends on numerous

parameters such as width of contact, initial roughness of the surfaces, etc.

it has been found that the leak rate decreases precipitously as the average

stress over the seal area reaches a critical value. This effect may be

observed in Figures X-2-16, X-2-17, and X-2-18. For systems of surfaces

pressed together, the approximate range of applied stress has been found

by IITRI 3 to be between 0.2 and 0.33 times the Meyer hardness of the softer

material forming the interface. This compares with the conclusion reached

by General Electric 20 that the applied stress should be between 1.5 and 2.5

times the yield strength. If a comparison is made between Meyer hardness

and yield strength, the hardness is found to be 4 to 8 times greater than

the yield strength.

Using the maximum difference factor of eight and IITRI's results based

on 0.2 and 0.33 times the Meyer hardness, the stress required for sealing

is 1.6 and 2.7 times the yield strength. These results corroborate General

Electrics' conclusion. However, if the choice of a softer material is such

that the Meyer hardness to yield strength ratio is four, the stress re-

quired for sealing from IITRI results in O,8 times the yield strength. A

review of the work conducted by General Electric and their conclusions

suggests that minimum leakage is a function substantially of the initial

surface finishing process and the yield strength. IITRI results, however,

showed that minimum leakage is substantially affected by the Meyer hardness

and strain hardening effects. The influence of initial surface finish was
20

only 60% compared to a value of 200% as determined by General Electric.

At leakage rates higher than the minimum (lower corresponding stress),

however, a greater influence of initial surface finish was demonstrated by

IITRI as shown in Figure X-2-16, X-2-17, and X-2-18.

In any event the preceding arguments can be settled by accepting General
20

Electric's statement "It can be stated that, for most designs, a stress

of 2.75 times the yield stress of the softer material would be conservative".

From this standpoint, IITRI's conclusions concur.

.-)
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The shape or geometry of the interface should lend itself to gross

plastic deformation. Most commercial seals have relatively flat Interface

surfaces, whlcn, when pressed together, produce microscopic deformation of

the asperities. Consequently, large loads must be imposed before sufficient

plastic deformation of the leakage path can be realized for minimum leakage.

Wedge-shape interfaces, on the other hand, produce substrate and surface de-

formation upon the first application of load. Consequently, full plasticity

occurs. The most beneficial shape of the interface appears to be a 60-deg

wedge, however, other shapes offer similar advantages.

Minimum leakage through wedge-deformed interfaces depends upon the load

applied, material properties and the resulting width of contact normal to the

average direction of leakage flow. On the basis of limited experiments, the

width of contact must not be less than O.O12 in. 1'his suggests that the

ability to produce minimum leakage is a function of the load per unit length

of circumference and the material properties. For minimum |eakages, an

approximation for the load per inch of circumference is P = O.O12 a . Thus
m

a metal wl.....u,, a narones_ of iOO,uuu psi would require an Interzace'_ load of

12OO pounds per in. This loading is normal and may be excessive in some

applications. Design innovations whereby mechanical advantage can be

utilized can overcome this problem.

Minimun, leakage is asst,ciated with the deformation of the softest ma-

terial forming the interface. Hence, surface platings and coatings will

govern the d_formation process while the substrate has little or no effect.

Whether the interface deformation be elastic or plastic, the topography

of the surface must be a mini,nu,,. Rough surfaces greater than I0 _ in. P'I'V

should possess a lay pattern normal to the direction of l¢:akage flow. Sur-

face waviness, usually a controlling factor in rough interfaces, must be a

minimum. Unfortunately, waviness is machine-produced, and minimizing it

depends on the fabrication process and quality of the machine tool. Surface

finishes less than I0 _ in. can be multidirectionally oriented. ['hese sur-

faces are produced by precision machine tools where waviness is approximately
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the same as the roughness.

The effects of contaminants are most pronounced on elastically deformed

metal interfaces. The detrimental contaminant size is estimated as 1/20

micron. On the other hand, plastically deformed interfaces can tolerate

contaminants equivalent in size to the maximum rough variations. For a

IO _ inch PTV surface, the contamination level would be I/4 micron. While

the contaminant size is still small, the chances of removal are improved by

exceptional cleanliness procedures. The removal of 1/20-mlcron particles is,

indeed, difficult if not impossible. It can be stated, therefore, that

plastically deformed interfaces are less susceptible to small contaminants

and, therefore, are more reliable.

Dynamic Seals

Interfacial seals were described as contacting-type seals where one

face rubs against the other. It was concluded that fragments resulting from

wear are of such a size and number that substantial separation of the seal

surfaces occurs. These fragments, even under well-lubricated conditions,

have an average size generally not less than 50 _ inch and can range to

I0,OOO @inch. Consequently, interfacial seals could be more appropriately

classed as fixed clearance seals where the wear fragment size determines

the size of the leakage path. To achieve minimum leakage, the fragment size

must be as small as possible. This can be accomplished through low contact

loads and a choice of rubbing materials having low surface interaction. Low

surface interaction can be achieved with hard materials having low energy

of adhesion, preferably a metal rubbing against a nonmetal, e.g., hardened

steel against aluminum oxide.

Hydrostatic or hydrodynamic seals offer improved leakage performance by

producing a smaller leakage path than that produced in interfacial seals.

The criteria for these seals have not been fully developed and, additionally,

pertain primarily to rotating shaft seals.



Sliding seals appear relegated to the interfacial variety because of the

nature of the motion and the problems associated in the fabrication of seals

and seal-related parts. Since most sliding seals are cylindrical, the

problem is one of fabricating and inspecting cylindrical surfaces. To

achieve minimum leakage, the maximum mismating (out-of-roundness of both

interface surfaces) must be at least less than the average size of the wear

fragments. This suggests out-of-roundnesses less than O.OO01 inch. In some

cases this can be achieved, depending on the geometry of the cylindrical

parts. In any event, inspection instrumentation and procedures must be

improved before reliable advances in fabrication can be achieved.

Even with optimum criteria, it seems unlikely at the present time that

leakage rates of 10 -5 cc per sec of gas leakage can be achieved without

resorting to such devices as liquid barriers, or bellows seals. A review of

the criteria for static seals shows that substantial surface loading and

deformation are required to achieve this leakage rate. These requirements

placed on dynamic seals would undoubtedly produce severe wear and large

debris fragment size.

Comments

It may be concluded that it is impossible to achieve zero leakage_ at

best, minimum leakage can be achieved where minimum leakage is defined as

the leakage produced by all seals in the system. Often a tolerable leakage

rate will have to be acceptable which is an optimum compromise between

mission requirements and seal construction features. This topic is con-

sidered in Section Xl.

It is suggested that References 3,4,5,6 and 20 be reviewed if further

information concerning seals is required.

- 977-



X-5 LEAK DETECTION

The detection of leakage may be defined as the "pin point" identification

of the leak source and the quantitative measurement of leakage. Each of these

objectives in leak detection requires a different technique. As a result,

only one objective is usually sought because of the procedures involved and

complexity of the necessary instrumentation.

Leak detection is employed in virtually all stages in the development

and utilization of pressurized gas systems. The important applications are:

(I) Laboratory investigations involving research on seals,

valve seats, and other fluid containing components.

A high degree of measurement and location accuracy is

requi red.

(2) Quality control of manufactured system components.

This presupposes that adequate standards have been

established for this purpose. A high degree of

measurement accuracy is also required while location

detection may be of secondary importance. Since the

success of a mission depends upon the overall perfor-

mance, the degree of measurement accuracy is the same

as that sought in the laboratory.

(_.JJ Field .............. '......... _..... T- +_.131|t_L%-ULLt. _Jru_-_IJUL_*_. J-ll _.Lia.__va £u_l L.I.Oll

case the location of the leak is of prime importance.

Quantitative measurements may also be used where known,

tolerable leakage rates have been established. The

success in detecting leakage on a fully assembled gas

storage system is limited by the instrumentation

available and the accessibility of components.

(4) In-flight inspection and repair. During manned missions

it may be necessary to locate and repair leaks which

occur in the pressurization system, and other critical

areas. Satisfactory, light weight, and easily used

instrumentation must still be developed for in-flight

applications.

Source Locatin_ Techniques

The detection and pin point location of leaks is most important when a

failure or malfunction of a component has occurred. Considering that leaks

could develop at many points, such as seals or cracks, it is necessary to

pin point the source so that corrective action can be taken.

-  7Z-
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Several methods and instrumentations can be employed depending upon

the hardware to be inspected. A limitation of virtually all the methods is

accessibility to the area being investigated for leakage. For example,

internal valve leakage is often impossible to pin point without partially

dismantling the component. Consequently, source locating leak detection

methods are usually applied to external leaks. Three common methods

employed can be described as follows:

Method A - The pressurization system or individual component

is evacuated to pressures of I0 Torr or lower. This requires

that the component can be readily evacuated and the leakage rates

are very small. This method is not recommended when the total

leak rate is unknown because, substantial contaminants may enter

the system in attempting evacuation.

Met_o_ B - The system under investigation is pressurized with

a gas. The gas may be that normally used or another gas. The

choice of gas depends upon the instrumentation or techniques
utilized.

Method C - The system under investigation is pressurized as

described in Method B. However, the hardware item is then placed
in a vacuum chamber.

Each of the preceding methods require different techniques to pin point

leakage although the instrumentation required may be the same. The specific

techniques for each method can be described as follows.

Techniques for Method A

A-I Detection of Tracer Gas with Thermal Cond_G_vitv or

Ionization Game. Change in pressure within the system may be

monitored using the thermocouple, Pirani or ionization gage.

A tracer gas applied to the exterior enters the localized leak

and changes the thermal conductance or ionization current ori-

ginally produced by the gas initially in the system. A small

gas dispensing probe is usually employed to scan the part being

inspected. A rise in indicated pressure shows the presence of

a leak. Similar techniques employing substances on the outside

of the system may be used also. In this case sealers such as

water, lacquer, Glyptal, acetone, or ether clog the leak and

produce a decrease in indicated pressure. Some of the sealers

such as ether, provide a temporary seal where lacquer is

permanent.



A-2 R_dioactivity Measurement. A material, such as krypton

85, is allowed to enter a leak from a suitable probe dispenser.

The amount of radioactive material which enters the system

continuously being evacuated is measured by a scintillation

counter.

A-3 Ar_on Leak Detector - One commercially sold detector uses

the pressure rise in a vacuum system to detect leaks. The leak

detector consists of a vacuum system which uses a getter pump.

This type of pumping is efficient for all but the inert gases.

Argon or helium is therefore used as a tracer gas. When Argon

enters the vacuum system through the leak, the pump is not

capable of gettering it efficiently and the pressure in the

system rises. The sensitivity of this type of pressure rise

method is reported to be extremely high, 10 -9 STP cc/sec. The

major disadvantage of this method of leak testing is that it is

not readily applicable to large volume systems, because of the

large amount of argon needed to be pumped from the air in the

system.

A-4 Hydrg_e _ Sensitive Leak Detector - A hydrogen sensitive

leak detector consists of an ionization gauge connected to the

vacuum system by a heated paladium diaphragm. Hydrogen, which

is used as the tracer gas, permeates through the hot paladlum

to the ion gauge. The advantage of this system is that it is

relatively insensitive to pressure changes. This detector has

a reported sensitivity of about 10 -8 STP cc/sec.

A-5 =' -__ect_un Emission Leak Detec_o[ The electron emission

from a tungsten or oxide coated filament decreases greatly upon

contact with oxygen. This phenomenon, 21 has been applied to

leak detection. The sensitivity of this method, using oxygen as

a tracer gas, is reported to be approximately 10 -8 STP cc/sec.

A-6 The Halogen Leak Detectov - Early investigations of thermlonic

emission showed that platinum, even in air, at red heat emits

positive ions. This emission at any given anode temperature of

positive ions in air is increased very markedly when vapors of

compounds containing a halogen strike the electrode surface.

This observation forms the basis of the halogen leak detector.

Leak detectors using this principle are marketed by several

companies. Two types of models exist. One type consists of a

detector head mounted in the vacuum system and the halogen gas,

usually Freon, used as a tracer outside the vacuum system. A

second type consists of a small gas pump probe; the system to be

leak tested is pressurized with halogen-containing gas. The gas

pump probe contains the detection apparatus. The _ensltivity of
this method of leak detection is approximmtely I0 TM STY cc/sec.

Special units are claimed to be as sensitive as 10 -9 STP cc/sec.



A-7 Helium Leak Detector - A very sensitive method for detection

of leaks is the use of a mass spectrometer and helium as the

tracer gas. The mass spectrometer is attached to the vacuum sys-

tem and a probe of helium gas is passed around the suspected leak

area. The mass spectrometer is set directly on the helium mass

peak. Detection and measurement consists of observation of the

intensity of the ion current. Helium is chosen as the tracer gas

for the following reasons:

(I) Low value of molecular weight the rate of

effusion through the leak is greater than for

any other gas except hydrogen.

(2) Helium occurs in the atmosphere only to the

extent of one part per 200,000 parts of air.

(3) There is no possibility that an ion, due to

any other gas will give an indication that

can be mistaken for helium.

Several companies manufacture commercial leak detection equipment

using this principle. The sensitivity of most of these units is

iO "IO STP cc/sec. One company manufactures a helium leak detec-

tor which operates on a pressure build-up by getter-ion pumping

prior to detection of the peak. The sensitivity of this instru-
ment is claimed to be 10 "14 STP cc/sec. Because the vacuum

equipment in this apparatus is similar to the equipment in the

argon leak detector previously described, this instrument could

be used as a binary leak detector. For gross leaks the pressure

build-up using an argon probe would be used. After all the large

leaks were detected, helium gas could be used to hunt for the
small leaks.

D

Techniques for Method B

B_ Sonic Detectors - Leak detectors are available tO physically

detect the sound made by the outflow of a gas, presumably choked

flow. Manufacturers stated sensitivity of these instruments is

approximately IO -I STP cc/sec.

B-2 Bubble TestinK by Soap Solution - A container to be tested

is pressurized and painted with a soap solution. Any leak can

be seen by the growth of bubbles. The efficiency of this method

depends upon: the observation abilities of the operator, the

ability to completely wet the tested area, the surface tension

of the soap solution, and the complexity of the part. It has

been estimated that under proper conditions the sensitivity of

this method is IO -4 STP cc/sec.



B-_ Bubble Testln_ bY Immersion " A pressurized vessel may be

immersed in a liquid; the bubbles rising to the surface will

indicate a leak. This method is dependent on the pressure

capability of the vessel, surface tension of the liquid and

the size of the testing area. This method is obviously not

suitable to large vessels. However, modifications can be made

to cover one area by a liquid. This technique is simpler than

soap solution testing because the observation abilities of the

operator are not as important. The sensitivity of this method

is about 10 -5 STP. cc/sec.

B-4 Probe Method - Another method, perhaps the most common,

utilizes the oxygen, helium, hydrogen, argon, or halogen leak

detectors described under A-3, A-4, A-5, A-6 and A-7. A small

vacuum probe collects air from outside the suspected leak area

and passes it into the vacuum system containing the gas sensitive

instrument. This method has a sensitivity of about 10 .6 STP

cc/sec, which is limited, not by the instrument, but by the probe

and its ability to collect small leakage flow before it diffuses

into the atmosphere.

B-5 Halide Torch Le_k Detector - The halide leak detector con-

sists of a propane gas torch with a copper plate in the flame and

a rubber tube supplying the flame with air. The system to be

tested is pressurized with Freon gas and the end of the rubber

tube which supplies air to the flame is passed over the suspected

area. A leak is detected when the flame turns bright green, since

a piece of copper in a flame containing halogen atoms gives off a

characteristic green flame. This equipment is often used by house-

hold refrigerator repairmen because the refrigerant (Freon) acts as

the tracer gas and the equipment is inexpensive. The sensitivlty

of this method is reported to be approximately 10 -5 STP. cc/sec.

B-6 Radioactivity Measurement - One nondestructive method of leak

testing hermetically sealed components is by using a radioactive

gas. This type of leak detecting equipment is commercially avail-

able. The basic principle involves the detection of radioactive

Krypton 85, which has been allowed to diffuse into the leaking

components. The components to be tested are placed in an

activating tank and sealed. Air in the tank is evacuated and

diluted. Krypton 85 is pumped into the tank to a pressure up to

7 atmospheres. The radioactive gas diffuses into the existing

leaks in the component. After a prescribed soaking period, the

Krypton is pumped out and returned to storage for reuse. Air is

circulated over the components to remove any residual Krypton 85

from the external surface. The components are then removed from

the activating tank and tested with a scintillation counter.

Under favorable conditions, leakage rates in the order of 10 -12

STP cc/sec, can be measured.



B-7 Chemic_l Reaction Methods - Coating _f components with thin

films subject to chemical change with the leaking fluid may be

employed if the chemical change produces a discoloration of the

film and is not detrimental to the component. Another method,

not requiring a pressurized system, is the use of fluorescent

dyes. A penetrating fluorescent dye solution is made which may

be painted onto a weld and then wiped away. This dye will

penetrate into any cracks and fissures. The material that is

not wiped away is observed due to fluorescence, under ultra-

violet light. This method of leak detection will display flaws

in machining and joining. No quantitative estimates can be made

as to the leak size which can be detected by this method.

Technique for Method C

Spark Coil Over Outside of Component - A high potential

electrode is traversed over the outside of a system or component

located within a vacuum environment. The leak is found by spark

passing through the leakage flow or by a change in discharge

color with materials such as ether, alcohol, or carbon dioxide.

View ports in the vacuumchamber are necessary to observe the

source of leakage. )
L I



X-6 QUANTITATIVE LEAKAGE MEASUREMENTS

The requirements for long term space missions has imposed an extremely

low leakage criterion for the pressurization system designer to satisfy.

Zero leakage, always an ideal objective, must be realistically viewed as an

impossible objective. Consequently, a tolerable or optimum leakage rate

specification must be generated which is compatible with the limitations of

the state-of-the-art of hardware design. Having established a realistic

leakage rate goal, the problem then becomes one of determining whether a

system meets this criterion.

The problems associated with quantitative leakage measurements are

substantially greater than those for source leak detecting. The major

problem is the determination of the accuracy of the leakage measurement.

This, in turn, is directly related to the reliability of the system and the

ability to meet mission requirements. The general techniques and,

particularly, instrumentation used in source leak detecting are the same for

quantitative measurements. The differences are attributable to the methods

employed.

Five methods of leakage measurement can be applied to individual

pressurization system components or the entire, assembled system. The

latter may often be difficult because of the system size or spacecraft

design limitations. The methods can be briefly described as follows:

Method D - The component or system to be evaluated is

pressurized and placed within a chamber.

Method E - The hardware is evaluated by placement within

a chamber. The chamber is slightly pressurized

with a gas while the component is evacuated by

an external vacuum system. The leak detection

instrumentation is incorporated into the external

vacuum system.

Method F - The hardware is pressurized by an external gas

supply. Leakage flow of gas into or out of the

hardware is measured by suitable instrumentation.

No external chamber is required.

Method G - The hardware element is pressurized by a gas and
a connection is made between the element and a leak

measuring instrument. This method may be employed,

for example, to measure internal leakage such as

that produced within a valve.



Method H - The hardware element is pressurized and isolated.

A physical observation of the change in pressure

with time within the element is related to leakage.

Before proceeding in a discussion of techniques and instruments

associated with each method, several points must be clarified. First, some

instruments and techniques measure mass or volume rates of leakage flow

while others measure total leakage over a period of time. No specific

distinction is attempted to differentiate these devices on this basis.

Secondly, the fluid contained in the system may be a liquid rather than a

gas. Where liquid measurement techniques are similar to that for gases,

this point is identified. In general, however, when liquids are encountered

it is preferrable to evaluate the system with a gas and convert the leakage

to that of a liquid. This topic is considered independently. Finally, the

description of instruments previously described in Part X-5 are referred to

but not repeated.

Techniques for Method D
i

D-I Pressure Rise in the Chamber - A hardware element can be

placed in an isolated vacuum system; the leakage rate can be

determined by the pressure increase measured by gauges such as

the Pirani, thermocouple or ionization gauge. Care must be

exercised in the selection of the gas for use as a pressurant

since the pressure measurement instrumentation is effected by

the thermal properties of the gas such as heat conductivity.

Substantial error in actual pressure measurement can result when

gas mixtures are involved. The leak rate can be calculated when

the properties of the gas, chamber volume, and time increment

between readings are known. The ultimate sensitivity of this

method is controlled by the length of the time increment and the

sensitivity of the gauge, and is also effected by temperature

changes in the environment that produce independent pressure

changes.

D-2 Helium Leak Detectors - Technique A-7 may be employed by

connecting the leak detector to the isolated vacuum chamber.

The procedure followed is usually to rough pump-down the system

and then connect the leak detector. The detector must have its

own pumping system and must, additionally, be capable of main-

taining a high vacuum in the chamber. These devices provide a

rate of leakage flow and must be carefully calibrated.

)



D-3 Buoyancy Technique - The concept evolved by TRW Systems 16

utilizes a vacuum container with a sensitive measurlng device

which measures the change in weight of an evacuated sphere due

to the buoyancy of the gas within the container which surrounds

the evacuated sphere. The outer container is first evacuated to

an adequately low pressure and the leak whose mass flow rate is

to be determined is admitted to the container, the mass admission

rate is the mass flow rate to be determined. Figure X-6-1 shows

a typical schematic use of the system. The mass flow rate is
given by:

AM AW Vc

_:= At Vs (22)

where

_M = total mass of fluid introduced into the detector chamber

during time interval, _t

_W = indicated weight increment (buoyancy force) on the sensi-

tive weight electrobalance

Vc = net active gas volume of chamber

Vs = volume of evacuated sphere

-5
Test results have shown a leak sensitivity of measurement of IO gm

is possible and it is anticipated that with improvements, leak sensitivity

of 10.8 gm will be realistic. In terms of free air, the present sensitivity

is approximately 7 x i0.3 cc which, over a 5 min. time interval, is equiva-

lent to 2.3 x 10 -5 co/see. Hence, the anticipate improvement of three orders

of magnitude enhance this concept considerably. The ultimate sensitivity,

however, will probably be limited by the degree of sealing which can be in-

corporated into the chamber and vacuum valves. Air leaking into the system

and outgassing of components may significantly induce measurement errors.

(See Page X-IO.I for Leak Detection and Recolmnendations).

D-4 Vented Chamber - Tile chamber enclosing the component being

evaluated can be vented through flow measuring instruments. The

most common devices are:

(l) Vane displacement meters. Instruments of this

type are used to measure relatively large leakage

rates. The rotational displacement of the device

may be used to indicate total volume flow or flow

rate.
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(I) Vane displacement meters. Instruments of this

type are used to measure relatively large leakage

rates. The rotational displacement of the devlce

may be used to indicate total volume flow or flow

ra te.

(2) Bellows displacement meters. The displacement

of a pleated bellows or diaphragm may be used

to measure volume change or, with suitable

instrumentation, flow rate.

(3) Glass capillary tubes. Very small diameter

glass tubes containing a nonwettlng fluid

bubble may be employed to measure small leakage.

The movement of the bubble must be visually

observed.

(4) Rotameters. A tapered tube containing a flow is

commonly used to measure large flow rates. The

position of the float in the tube indicates a

flow rate. Since the tube is tapered, the flow

area about the flat varies with position.

The preceding instruments can be used for liquids or gases.

Technique for Method E

Helium Leak Detector - The technique is essentially the same

as D-2 but the detector is connected to the interior of the

hardware item. In this case the leakage into the component

is measured. An advantage of this technique over D-2 is that

a vacuum chamber is not required. The external chamber re-

quired for thls method could be a p!astlc bag enc!osure

slightly pressurized with a tracer gas. However, the sensi-

tivity of measurement will be low due to the slightly

pressure difference across the leak. This method is most

suitable for large leak measurements.

Techniques for Method F

F-I Flowmeters Flow measuring instruments, such as the vane,

bellow displacement, and glass capillary tube described in D-4

can be used to measure leakage rates into or from a component

or system. These devices can be used for high and low gas

pressure measurements depending upon their design.

F-2 Bubble Testin_ - The techniques described under B-2 and

B-3 can be used to quantitatively measure leakage out of a

component. The procedures used are:



(I) Immersion - Bubble counting with average

size measurement over a time period.

(2) Soap bubble - Application of soap solution

and approximating the bubble size at the

end of a time period.

Technique for Method G

The technique employed is the same as E (leak detectors)

and is usually applied to the evaluation of internal seals

which can be readily evaluated by external connections,

Technique for Method H

The technique is the same as D-I except that a pressure

decrease is measured using conventional pressure measuring

devices. The internal volume of the system or component must

be precisely known. Accuracy of small leakage measurement is

greatly influenced by thermal environment changes.



X-7 ACCURACY OF LEAKAGE MEASUREMENTS

The accuracy of leakage rate measurements is related to the instrument

design and methods of calibration. Three methods of calibration can be

employed which can be described:

(1)

(2)

(3)

Weight or volumetric methods for large leakage rate

instruments. These calibration techniques can be

readily found in the literature.

Comparison with another instrument whose range over-

laps and is more sensitive than the instrument of

interest. This presumes that another reference was

used to determine the accuracy of the reference
instrument.

Calibration of leak detectors with standard leaks

for use in measuring s_ll leakage rates (10 .4 STP

cc/sec_. Calibrated leaks are commercially avail-

able with eight decades of leakage values. Un-

fortunately, no standards for the calibration of

the leaks are available resulting in wide compara-

tive variations even though the vendor states a

specific value. Methods of calibrating leaks

are isobaric volume change, pressure rise method,

pressure drop across a known conductance, pres-

sure measurement at a constant pumping speed, and

the measurement of alpha radiation. Each of these

methods are described in Reference 22.

Estimated accuracy of various flow measuring devices is shown in

Table X-8.1. Leak measuring instruments, like most instruments, should

only be used within their design range. Instruments used to detect leakage

rates smaller than they have been designed for, will cause leakages to be

masked by the noise of the instrument. Additionally, non-linear effects

attributed to electronic circuitry can induce errors. Some instrument

manufacturers are overly optimistic about the sensitivity of their instru-

ments. Conversely, the use of an instrument on leaks larger than its

designed range will cause the purchase of an instrument much more expensive

than necessary.

-  90-



X-8 SENSITIVITY OF LEAKAGE MEASURING INSTRUMENTATION

The sensitivity of leakage measuring devices in influenced by essen-

tially the same factors which influence accuracy. To assign specific

ranges to all techniques would be difficult because of the wide variety

of instrumentation available. However, certain generalizations can be

made and are shown in Table X-8.1. It should be noted that all source

detecting devices are not suitable for quantitative leakage measurements.

Table X-8-1

INSTRUMENTS SUITABLE FOR QUANTITATIVE LEAK RATE MEASUREMENTS

_nstrument or

Techniques

Helium Leak

Detector

Halogen Leak

Detector

Bubble

Methods

Pressure

Rise

Positive

Displacement

Rotameters

Buoyancy

Range of Measurable

Leakage Rates Std cc/sec
.IZ. .14loz I Jo"z Io"4 J_" _o"s to"'° Jo Io

m

m

Accuracy

+ 1OO%

+ 1OO%

+ 500%

+ 50%

+ I/2%

+ 2%
p

Unknown



X-9 CONVERSION OF GAS AND LIQUID LEAKAGE RATES

In Section X-A, the appendix, the theoretical equations describing the

varlous types of fluld flow are presented under modes of leakage flow

beginning on page X-A.I. The equations were developed for known leak paths

or channel sizes. While it is impossible to describe completely the

dimensions of a real leak, such as that in a seal, some relationships between

variables can be deduced. The leak rate can be expected to be dependent upon

pressure, viscosity, molecular weight. Fortunately, the theoretical

expressions for flow through a fixed arbitrary leak closely agree with

experiment 22. The relationship between variables are principally:

Gas Flow

Molecular: Q~ (PI'P2) k

x/V-

pl 2 'Laminar: Q _ -P22

)Pt "P2
Turbulent. Q - ,

x/V-

( -Choked: Q_. PI P2 _+ I

vTV

Liquid Flow

where

l.aminar: Q _. PI'P2

Turbulent: Q ~ x/Pl-e2

= Volume rate of leakage flow



PI-P2 = Pressure difference across the leak

M = Molecular weight of the gas

= Heat capacity of the gas

= Absolute viscosity

= Molecular mean free path

In order to convert a known leakage rate under known fluid and pressure

conditions to other conditions, the mode of flow must be first determined.

This is not accomplished theoretically, but can be arrived at by successive

leakage measurements at different pressures. Fig. X-9-1 shows typical

22
leakage rate measurements of a needle valve. After determining the flow

mode, a conversion can be obtained by calculating a conductance parameter

from the theoretical flow rate equations. Additionally, gas and liquid

leakage equivalents can be similarily determined. The conversion results

may be approximate due to changes in flow modes across the leak. It is

suggested that Reference 22 be referred to for a discussion on the

limitations of leak rate conversions.
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X-IO LEAK DETECTIONRECOMMENDATIONS

The source location of leaks is a time consuming task when utilizing

the most sensitive instruments. An adequate instrument is the helium leak

detector using a probe or tracer gas techniques. Unfortunately, when large

components or systems are involved, the entire surface area must be scanned

very carefully. Other methods such as the bubble and chemical reaction

tests provide a much faster scanning of the surface but with reduced

sensitivity. Hence, a suggested approach to the problem is that of employ-

ing several instruments.

A recommended procedure for locating leaks is to:

(i) Measure quantitatively the total leakage rate from

the system or component. If possible, the entire

system should be pressurized with helium and place

in a vacuum chamber. Pressure rise techniques should

be initially employed to establish a range of leakage.

If the leakage rate is in the range of a helium leak

detector, it should then be employed.

(2) After the gross leak rate has been established, a

selection of leak source instruments must be made.

When large leakage rates are encountered, the immersion

bubble test can be considered. If many small leaks

contribute to the total leakage, partial or no reaction

may be observed. At this point, there is no choice

other than the use of the helium leak detector probe.

When very large leaks occur, the sonic detector can be

utilized.

It must be noted that the buoyancy instrument being developed by TRW
16

Systems appears to have substantial promise for use in quantitative

measurements. This statement is based on its wide range of leakage rate

capability. The successful development of this technique would permit the

use of a singular instrument to cover very large (10 2 cc/sec) to very small

(10 .7 cc/sec) leak rates.

Whenever possible, leak detection should be made at operating pres-

sure or higher. This not only increases sensitivity but locates "check

valve" and self cleaning leaks. Check valve leaks can be described as

leaks which occur under certain conditions of flow but disappear at higher

- gY-



flow velocities, probably due to clogging by contaminants. An additional

prime reason for using the operating pressure as the testing pressure for

leak detection measurements is that the structural distortion which occurs

at that pressure may reveal more or larger leak path than would be in-

dicated at very low pressures.

Leakage extrapolations to other gases or liquids may be made with the

realization that errors can be encountered. The surveys and analysis of

leakage measurement and evaluation by Dr. J. W. Marr 22'23 are suggested

for additional source information.
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X-A APPENDIX

Theoretical LeakaKe Considerations

In vacuum technology, a hole or porosity in the wall of an enclosure

capable of passing gas from one side of the wall to the other under a pressure

or concentration differential is defined as a leak path. A leak path is

not usually indicated by certain dimensions but is hypothetically

characterized as a physical hole of a certain length and width. However,

since a leak path is not intentionally formed into an item, its dimensions

are generally unknown. In leak detection, the dimension used to describe

the leak is the leak rate. While this de facto information is beneficial,

it is not suitable for use by the systems designer. To predict leakage,

the designer must have criteria to establish the characteristic geometry

of the leak paths and a knowledge of the influencing factors governing the

transport of fluid. To proceed in the presentation of design criteria, the

transport of fluid is considered first with respect to the flow of fluid in

very small passages or channels. Some of the theoretical concepts presented

have serious limitations and are used solely for comparison. The limitations

are due to the assumptions made in obtaining solutions. Unfortunately, more

encompassing assumptions quite often make the problem unsolvable. The

assumptions made in arriving at solutions for leakage flow are presented for

hypothetical flow models consisting of geometrically defined small channels.

The assumptions are sufficiently valid for certain conditions of flow;

however, the regime of flow is not easily defined mathematically on the

basis of experimental results. An example of this inadequacy is the case of

laminar-to-molecular flow transition. Experiments show that the flow may be

laminar while theoretical analysis indicates molecular flow. Guide lines for

estimating the flow regime are presented in this Part. The major

difficulty in defining flow regions is attributed to the irregular and

undefinable leakage path inherent in most seals whereas the theoretical

solutions are based on well defined channels.



Modesof Leakage Flow

The leakage of fluid occurs by a variety of flow mechanisms:

permeation, molecular flow, laminar flow, transition flow, turbulent flow

and choked flow. These, as well as the circumstances leading to this flow,

will be described in this Part. Before proceeding, however, it is

necessary to define the term leakage rate since it is often expressed in a

multiplicity of units. Consequently, conversion constants often must be

used to convert volume rates of leakage flow to other units of measurement

because of the widespread use of virtually all dimensional units. In

vacuum technology and other scientific areas, gas leakage is commonly

expressed in pressure, volume, and time. The most commonly used unit,

the micron-liter per second, represents the basic factors. The micron-

liter is the mass of fluid that would occupy one liter at a pressure of one

micron (10 -3 mm Hg). The relationship between weight and volume flow is:

m PV
W 0= --

R At
T = constant

(23)

1 R
Q_ ---- ------- v

At m T = constant

(24)

where

W = Weight rate of flow

Q = Volume rate of flow

v = Volume

p = Pressure

t = Time increment

R = Universal gas constant

m = Molecular weight

T = Temperature

- 5-oi-



Thus, the mlcron-llter flow rate may be readily converted to mass flow rate

if the gas properties and temperature are known. Unless otherwise stated,

volume rates of leakage are usually specified at O°C.

Another commonly used unit is cubic centimeters per second. This unit

is usually specified at standard conditions and is denoted as STP cc/sec.

In the sciences, standard atmosphere is 760 mm Hg at O°C. In engineering

practice, it is 760 mm Hg at 20°C (68°F). In engineering, units of cubic

inches per second and cubic inches per minute are commonly used for small"

flow rate measurements. For large flow rates, cubic feet per minute is

the unit employed. Long-term leakage, such as that occurring from a fuel

tank on a space vehicle, is commonly expressed in terms of cubic centimeters

per month or cubic centimeters per year. Tables X-A-I and X-A-2 contain

conversion factors relating the various units.

Continuing with the development of a description for flow in small

channels, some generalizations ,nust be considered. When a fluid flows

steadily past a stationary wall, the particles next to the wall adhere to

it, and there is in the fluid a velocity gradient normal to the direction

of flow. The force exerted by the boundary on the fluid depends upon the

velocity gradient at the boundary and the viscosity of the fluid. For

Reynolds Numbers less than 2000,

(25)
Nre = q

the flow is defined as laminar or viscous flow. Tile shear stress is

definc, d as

du

T = n -_y (z6)

> 2000 the flow may consist of random motions superimposed on theFor NRe

average velocity of the stream, rlle streamlines no longer exist and. under

these conditions, the relationship between shear stress and velocity gradient

Is very complex. No exact theories are available to describe this flow

region. However, considerable empirical information is available which

permits close approximation of the fl,_w.



The shear stress is given as:

r = f( ) (27)

where f is a friction coefficient. The friction coefficient is a function

of the Reynolds Number, wall roughness, and distance from the pipe inlet.

In both laminar and turbulent flow, collisions between molecules occur more

frequently than collisions of molecules with the channel wall. The co-

efficient of viscosity reflects the influence of Intermolecular inter-

actions. When the pressure of a fluid is sufficiently reduced, the mean

free path of the molecule, _, becomes large compared to a characteristic

dimension h of the channel. When the fluid molecules collide more often

with the wall than with each other, the flow is called free-molecular flow.

Free molecular flow occurs when A/h is approximately 1.00. The

dimensionless ratio _/h is called the Knudsen number. The transition

of flow between laminar and molecular flow is called transition flow.

Other flow concepts are also presented in the ensuing discussion based

on frictionless conditions. In many cases the flow can be adequately

described using frictionless and other assumptions. However, applica-

bility depends upon complex factors and is discussed in other sections of

A summary of the flow regimes and their identification isthe report.

shown below:

( 0.01 Laminar flow

A > l.O0

O.O1 _ A < I.OO
k/

Molecular flow

Transition flow

NRe< 2000 Turbulent flow

NRe< 12OO Laminar flow

1200 L NRe< 2000 Mixed flow

- 5-05-
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Permeation Flow

Transport of gases through a solid wall separating regions of higher

and lower gas pressure can occur by means of two mechanisms:

(I) A series of voids in the solid may form capillary

passages through which the gas may flow. This

condition is commonly called porosity and may

extend from the macroscopic to the microscopic

field of view. Further discussion on this mech-

anism of flow is presented under the topics of

molecular, transition and laminar flow.

(2) Transport may occur by molecular adsorption and

solution on the outer wall surface layer, mole-

cular or atomic diffusion through the interior,

and dissolution and desorbtion on the inner wall.

The general formulas for diffusion flow given in References 24 and 25 are:

Molecular Diffusion:

Q = KDA
(P2-PI)

L
(28)

Atomic Diffusion:

Qc_,V_-2 -V_! or for P1 " Oabs

P
2

Q= QeP--
e

(29)

where

A = area of leakage

D = diffusion coefficient

K = solubility
L = thickness of the wall

P1 = exit pressure

P2 = inlet pressure

P = experimental pressure difference usually P (atmospheric)
e o

Q = volume rate of flow at any pressure difference (P2 " P1 )

Qe = flow rate at pressure Pe' determined by experiment

The general rules in applying the formulas for various materials are

outlined in Table X-A-3.

5-Cg-



(1)

(2)

(3)

(4)

(5)

(6)

Table X-A-3

SUMMARY OF THE NATURE OF GAS PERMEATION

METALS

None of the rare gases will permeate any metal.

Hydrogen permeates most metals, especially iron.

Oxygen permeates silver.

Hydrogen through iron by corrosion electrolysis.

Flow rates vary ask/_-_Atomlc Diffusion).

Very small halogen gas leakage through metal.

POLYMERS

(I) All gases permeate all polymers.

(2) Water leak rate apt to be high.

(3) All rates vary as pressure (Molecular Diffusion).

(4) Permeation rate varies exponentially with temperature.

A permeation rate Z may be defined as a conductance factor for

molecular and atomic diffusion. The permeation rate is an experimentally

determined value and often expressed in the units.

3
Z = cm -mm (30)

2
sec-cm -torr

For molecular diffusion:

For atomic diffusion:

Z A (P2 " P )
I (31)

Q = L

/P2

e

(32)

)

-O--07-
)



where

Qe =

ZA(p )
e

L
(33)

Thus,

 (Pe)
L _; P

e

In these formulas, the units of measurement must be:

(34)

P in torr = 10 -6 mm Hg

2
A in cm

L in mm

Q in cm3/sec

Permeation rate is converLed inLo common engineering units using the

factor,

:'( )_Z) i. 3i.2.= cclsee x in/psi-in 2

where the units of measurement may be given:

P in psia
2

A i.n in

L in in

q in em3/sec

In general, very little permeation tale data are available for a

variety of materials. Section X] contains pvrmeation rates for selected

materials.

'I'oshow the method of estimatiug molecular and atomic diffusion flow,

the following examples are presenLed:

Molecular Diffusion

Given: A circular rubber ring seal with a rectangular cross
section with the dimensions:

-Tog'-"



Outside diameter, D = 2.00 in
o

Inside diameter, D = 1.75 in
l

Thickness, t = O.IO in

Helium is sealed at P2 = 14.7 psi inside seal and
P1 = O psi external. Temperature is 68°F.

P2 = 14.7 psi Helium sealed inside seal

Pl = O psi external pressure

Calculate: Leakage rate in cubic centimeters per second.

Since the material selected is an elastomer,

the leakage mechanism is molecular. The

diffusion rate is 8.6 x IO "IO cc-mm (STP)/

2
sec-cm -torr. When the units are converted to

engineering units

10-7 cc inZ = 1.13 x
_(STP)

sec (psi) in

The volume rate of flow may be calculated from

the formula for molecular diffusion

Z A (P2 - P1 )

L

i. 13(IO-7) (zt:)oT) (P2

D D.
o 1

PI)

1.13(IO-7)(n'x 2 x O.10)(14.7)

Q = O.125

(35)

(36)

D

-6
Q = 8.4 x 10 cc/sec (STP)



Correction of permeation rate for other temperature conditions may be

accomplished using the procedures described in Reference 25.

AtomicDiffuslon

Given: Ring seal having the same dimensions as the rubber

ring. Atomic diffusion des6rlbes the leakage process.

Hydrogen is sealed at P2 = 30 psia and P1 = 14.7 psia.

The permeation rate for metals is usually given for a

pressure difference across the material of close to

760 mmo The internal pressure is usually close to

zero absolute. The leakage rate for this condition

may be defined as an experimental rate Qe"

Qe = K A (Pe)/h
(37)

where P = 760 mm Hg.
e

The permeation rate for steel and hydrogen is given as

10-13 28 x cm -mm(STP)

sec-cm2-torr

which when converted to engineering units becomes

Calculate:

Qe =

-IO 3
I x IO cm

sec

Leakage rate Qe when Pe

iO -IO1 x (mD t)(P )
o e

D - D io

2

Qe = O.125

in __l (STP)
2 psiin

= 14.7 psia.

1 x (IO "IO) rfx 2 x O.lO:x 14.7

Qe = 7.4 x I0 "8 cclsec (STP)(at I arm)

 f]0s



The atomic diffusion flow rate when P2 = 30 psia is

Q= Qe _ P2
P
e

= 7.4 x i0"8 i_4._

(38)

)

-7
Q = I x i0 cc/sec

Molecular Flow Through Long Channels

When the clearance space becomes extremely small, assumptions based

on: (I) no slip at the wall, and (2) intermolecular collisions solely

within the fluid can no longer be applied in a flow analysis. When the

clearance space is in the same order of magnitude as the molecular free

path, considerations must be given to the collision of molecules with the

wall. The method of attacking the problem was first introduced by Knudsen

and employs analysis based on the kinetic theory of gases. For a long tube,

the fundamental deduced by Knudsen 25 is

4 Y va

W- 3 P _[ A_Z__ dIH (P2 " P1 ) (39)

P

where

A = cross section of channel
P

H = perimeter of channel

L = channel length

m = molecular weight of gas

W = weight rate of flow

,/v= mean molecular speed = 8 R :r
a _m

Pm

Y= specific weight- RT

- 5//--



From the kinetic theory of gases, the mean molecular free path is:

(40)

Substituting this equation into the leakage equation we obtain:

W

1.064 _ (P2 PI )

where _ is defined as the mean free path at a mean pressure P -

For a rectangular channel having width w and height h:

(41)

P2 + PI

H = 2(w +h) and A = hw (42 & 43)
P

The weight rate of flow is:

0.532 "X (p.2 pl 2)- w h 2

W = z (44)
R/m T I'_L

To utilize the preceding formula, the properties of fluids and

equations of state must be known. On the basis of the kinetic theory of

gases, a relationship i.s established between viscosity of molecular
26,27,28

properties. The general form of this relationship

where

q=B uA
a

may be written:

(45)

B = constant

Va = average molecular velocity

A = a,olecular free path

= viscosity

Equatitu, (45) anti the ensuing discussion stipulates that the product YA

is constant anti independent of pressure for a constant temperature.



The molecular mean free path is given:

= constant (46)
Y

Applying the ideal gas equation of state it follows that:

P/P1 = Y/Y 1 = _I/_ for T = constant (47)

and

where

_l Yl

Y
(48)

= mean free path at pressure P

A I = mean free path at pressure P1

Equation (48) may be used to calculate the mean free path for any

pressure condition if the mean free path is known at some pressure con-

dition. Table X-A-4 shows mean free path values for typical gas. Ad-

ditional information may be obtained from Reference 29.

_



Table X-A-4

MEAN FREE PATHS AND MOLECULAR DIAMETERS FOR VARIOUS MOLECULES

MOLECULE
i

H 2

He

Ne

A

O 2

co 2

H20

benzene

methane

ethane

propane

n-butane

n- pen tane

n-hexane

cm x

MEAN FREE PATH

10-3 at I Tort and 25°C

9.31

14.72

10.45

5.31

5.4O

3.34

3.37

1.34

4.15

2.53

1.82

1.46

1.19

1.03

MOLECULAR DIAMETER

2.75

2.18

2.60

3.67

of,

4.65

4.68

7.65

4.19

5.37

6.32

7.06

7.82

8.42



Theoretical Equations for Laminar_ Incompressible Flow in a Uniform

Channel (Liquid Flow)

The solution to the case of laminar incompressible flow in a uniform

channel can be reviewed in detail in References 30 and 31. The solution

is given:

yw h 3 (P2-PI)
W = (49)

12 _ L

where

h = channel height

L = length

P1 = exit pressure

P2 = inlet pressure

w = channel width

In many seal applications, the leakage channel is not uniform with respect

to width and length. This channel is described by two circular plates with

radial flow predominating between the plates. The weight rate of flow

between circular plates is given:

yh 3 (P2-PI)

W = 6 _£ n ri/r 2 (50)

where r I = inside radius of the plate

r2 = outside radius of the plate

In these equations, the viscosity and density are indicated as being an

invariable property of the fluid. Actually density and viscosity are

influenced by temperature and pressure.

Simplifying the Geometrical Aspects of Laminar Flow Between Circular Plates

The volume rate of flow between two circular plates can be accomplished

by assuming that the geometry of the plate is represented by a uniform

channel of width w and length L.



The rate of flow maybe written:

W = yh3 (P2"PI) w(r2+rl)

12 (r2-rl% (51)

r2

for ratios of r-_ up to 1.7 without incurring an error greater than 2%.

Theoret i ca I Leakage Equat ion_ _9_ C_9_P_s_I e .FI_ ._n.._.Uni form_.C.hanne 1

To determine the appropriate equation describing leakage flow in a

seal analysis, it is necessary to compare the assumptions made in the

analysis and typical calculated results. In the following three cases of

one-dimensional flow, a small uniform channel is assumed having the

geometry:

h = channel height

L = length

w = width

Ca__seI - Isothermal l____a_!i.qar_F[0w

infinite heat transfer is assumed.

wh 3 2p 2)
W = 24R T_L (P2 i

o

(52)

Case ]I - Isothermal Laminar Flow with Inertia

Infinite heat transfer is assumed. An approximation for laminar

flow is included in the analysis to obtain a solution when inertia

in c is considered.

PI wh 3 2
2W2h In -- = - -- (P2
gw P2 RoT 2"PI

) + 24W rlL (53)

Case l lI:Ad[aba_kig Frictionless Flow

No heat tra,sfer is assumed.

W = wh
R (k-l)
o

P2 PI l/k PI
k-Ilk

(54)



where k = ratio of specific heat c /c
p v

If the ratio of PI/P2 is less than the critical pressure ratio of

0.532 then the weight rate of flow is choked and given:

2 ] k/k-l_ 2gk P2W = wh _-_ Ro (k+l)
(55)

We shall illustrate the results obtained in each of the three cases using

the following information.

Air at 68°F is leaking through a seal interface from a reservoir at

two assumed pressures P2 = IOO psig and 5000 psig

g = 386 in/sec 2

h = 10 "2, 10 "4, and 10 .6 in. (Equivalent Channel Clearance)

k = 1.4

L = 1 in.

= 2.6 x 10 -9 ibF - s%c/in. 2

P1 = 14.7 psia

R = 640 in./°R
O

w = i in.

AO = 2.64 x 10 .6 in.

The results obtained in each case are shown in Table X-A-5.

gIT-



Table X-A-5

COMPARISON OF LEAKAGE RATES

HI I "

, CLEARANCE, h_ (in.)

1 x IO "2 1 x IO "4 1 x 10 -6

LEAKAGE RATE AT P2 = lOO psi (Iblsec)

Case I 4.7 x I0"I

Case II 1.6 x I0 "2

Case III 2.7 x 10 -2

A

Case I

Case II

Case III

4.7 x I0 "7

-7
4.7 x I0

2.7 x 10 -4

-13
4.7 x I0

-13
4.7 x I0

2.7 x 10 .6

ill • i

LEAKAGE RATE AT P2 = 5000 psi (Ib/sec)

1.2 x 103

-I
1.6 x I0

1.2

am ,

1.2 x I0 "3

1.4 x I0 "4

1.2 x I0 -2

1.2 x 10-9

1.4 x I0 "I0

1.2 x 10 .4



These examplesshow that:

(i) The flow equations of Cases I and III are not applicable
at P2 = IOOpsi and 5000 psi for h _ 1 x 10.2 in. Case 1
cannot be applied because the equations predict a Mach

number greater than one in the channel. Case III considers

only frictionless, adiabatic flow. Case II considers fluid

friction and inertial effects and appears to be the most

applicable expression for flow under these conditions.

(2) For h = 1 x 10 -4 and 1 x 10 -6 inch at P2 = IOO psi, Case

I and II yield identical results and appear to describe

the flow in this region. The flow equation of Case I is

suggested for calculations in this region.

(3) When the inlet pressure is substantial, P2 = 5000 psi, the

inertia effects are significant. The flow equation for

Case II considers viscous and inertia effects and, thus,

produces the lowest flow rate calculation.

Before any definite conclusions may be made on the selection of the

appropriate flow equation, other factors must be considered. The most

important additional factor is the effects of turbulance and wall rough-

ness. Since the Reynolds number NRe is an indication of the flow regime,

it is necessary to make further calculations. The Reynolds number is

defined:

u Dp
NRe --_N (56)

where D = Hydraulic radius =
4wh

2(w + h)

or

NRe = 2 u hP (57)

Since the adiabatic flow equation, Case III, is a conservative and

limiting approximation describing the flow, it is used in the calculation

of the Reynolds number. The preceding numerical information is used to

obtain the results shown in Table X-A-6.

5-19-
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Table X-A-6

COMPARISON OF LEAKAGE FLOW AND REYNOLDS NUMBER FOR

ADIABATIC, FRICTIONLESS FLOW (CASE III)

Exit Mach Number: I

I x 10 .2

ii

P2 [ W

(psi) (Ib/sec)

i
100 2.7 x 10 "2

500 l o 1 x 10 "1

lO00 I 2.4 x 10 "1
I

-1
3000 7.0 x IO

50OO I. 2

I

NRe

4.6 x 10 .4

2.3 x 105

4.6 x 105

1.4 x 106

2.3 x 106

CLEARANCE, h, (in.)

I x 10 .4

W

(Ib/sec)

2.7 x 10 -4

I.I x 10 .3

2.4 x 10 .3

7.0 x IO-3

1.2 x 10 .2

NRe

4.6 x 102

2.3 x 103

4.6 x 103

1.4 x IO4

2.3 x 104

I x 10 .6

W

(Iblsec)

2.7 x 10.6

-5
I.I x iO

2.4 x 10 -5

7.0 x 105

1.2 x 10 -4

NRe

4.6

23.O

46.O

1.4 x 102

2.3 x 102

These examples show that the Reynolds number is large for clearances

greater than I x 10-5 inch and pressures up to 5000 psi. If the flow rate

values for Cases ! and II in Table X-A-5 are compared with those shown in

Table X-A-6, it may be concluded that the Reynolds number is less than 2000

for clearances less than I x 10 .4 inch and pressures up to 5000 psi. The

preceding discussion is based upon air as a fluid medium. Since the

properties of most gases do not vary to a great extent, the preceding con-

clusions may be acceptable for other gases. In sum,_sry, the final choice

of a flow equation requires sample calculations, past experience and

experimental correlation if available for equation applicability.

Transition Flow

For a description of the flow in the transition range between laminar

and molecular flow, an empirical relationship has been established:



W = Wlamina r + EWmolecula r

where _ = 0.9 for a single gas and _ = 0.66 for a mixture. It is dependent

upon the gas properties and clearance dimension. When the free molecular

and viscous flow equations for flow in a uniform channel are combined, the

transition flow rate may be defined,

w h 3 (P22 " PI2) I _ 1
W = 24 R T L I + 6.38 _ _-- (58)

o

A comparison of molecular and laminar flow shows that:

D

Wfree molecular

Wlaminar

(59)
= 6.38

h

where _/h is defined as a dimensionless parameter called the Knudsen

number. More generally defined, the Knudsen number is the ratio of the

mean free path of a molecule to a characteristic dimension of a channel.

When _/h > I, the flow is assumed to be molecular. For a given flow

passage size, pressure difference, fluid and temperature, it can be

seen that for _/h > I, the calculated free molecular flow rate is

greater than the calculated laminar flow rate. Thus:

Wmolecula r > Wlamina r

and, correspondingly, the resistance to flow under molecular flow conditions

is less than the laminar flow.
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X-B APPENDIX

Calculation of LeakaRe UsinR NomoRraphs

To Calculate Incomprtsslble Laminar Leakage Flow in a circular

interface having a uniform clearance Figure X-B-I, the nomograph
shown in Figure X-B-2 may be used.

PI

P l

W

Figure X-B-I Radial Channel

The nomograph represents the flow equation

W

try h3A p
i,

6 _ _n ro/r i

Where W is the weight rate of flow in Ib per sec, and

h = channel height (in.)

AP = (P2 " PI )

PI = exi_ pressure (psi)

P2 = inlet pressure (psi)

= viscosity(Ib-sec/in. 2)

F = specific weight

(6O)



Fi S. X-B-2 Nomo2raoh for Incompressible Liquid Leakase

-_-_-
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The chart is composed of nine scales. Six of the scales represent geo-

metrical and environmental variables, three the ratios between the vari-

ables. The ratios are identified as the CI, C2, and C 3 scales and
represent

cI - y/#

C2 ~APC l

C 3 - C2/an ro/r. i

C 3 - h3/W

A step-by-step procedure is outlined below using Figure X-B-3 as an example.

r
o

r.
1

Y

!

I

C 2

C 3

Ap

W

Given:

To find:

Figure X-B-3 Schematic Representation of Nomograph

F,_, ro/ri, _P, and h

W, weight rate of flow:

(I) Draw a line connecting Y and _ and intersecting

the C I scale.

-



(2) Connect the C 1 intersection point with the value of

_P and observe the line intersection on the C2 scale.

(3) Draw a line between the C2 intersection and ro/r i
This line should be extended to intersect the C 3 scale.

(4) Connect the C 3 intersection point with the value of
h clearance.

(5) Read the weight rate of flow on the W scale.

To Calculate Compressible Laminar Leakage Flow through the flow channel

shown in Figure X-B-I.

D

W

rr)'h3(P22 PI 2)
o (61)

12_(_n r /r.)(P )
O I O

where

Yo = specific weight at pressure Po" The homograph (Figure X-B-4) represents
this equation. The following procedure (shown in Figure E-B-5) is used to

calculate the weight rate of flow:

(i) Draw a line connecting _o and _ and intersecting the

C 1 scale.

(2) Connect the CI intersection point with the value of

(p2 2 - PI2)/Po and observe the line intersection on the C 2
scale.

(3) Draw a line between the C2 intersection and ro/r i. This

line should be extended to intersect the C 3 scale.

(4) Connect the C3 intersection point with the value of

h clearance.

(5) Read the weight rate of flow on the WL scale.

To Calculate Compressible Laminar Transition Leakage Flow, the

nomograph Figure X-B-6 and Figure X-B-7 must be employed.

flow equation may be represented:

The transition

W ____.

/r.)(P ) I + P2 + PI12_(In r° i o

where Yo = specific weight at pressure Po

Ao = molecular mean free path at Po

-

(62)
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r
o

r.
1

Y
o

C2

/

\

h

/

W LC 1 C3 B I + C 5

/

Figure X-B-5 Schematic Representation of Figure X-B-4

A step-by-step procedure is outlined using Figures X-B-5 and X-B-7:

(I) Draw a line connecting )to and intersecting the C1
scale with _ .

(2) Connect theo,Cl intersection point with the value of

P2 2 - PI=/Po__ and observe the line intersection on

the C2 scale.

(3) Draw a line between the C^ intersection and r /r..
o 1

This line should be extended to intersect the C3 scale.

(4) Connect the C 3 intersection point with the value of
h clearance.

(5) Read the weight rate of flow on the WL scale.

(6) On Figure X-B-6 connect a line between points on the

P2 + P1 and loscale and observe the point of in-

tersection on the C4 scale as shown. This is illus-

trated in Figure X-B-7.

WT



1o0

I
I0

10"4 _ 10 2

IO'5

-- 10 3

10 -6

-- 104

10 -7

hT

lO3

i0", 4

-- i0-3

10 .4

lO -5

10 -6

10 2

I0 "4 _ I01

l

m

-- 10-5

..__10 -6

i0°

I0 "I

10 -2

m

i0" 7_____

_ 10 -8 -- 10-7

-- 10" _

PI* P2
fo-I

psi -I
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n

m

.-=_

m
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A_- I0""-- II.5 Po Ao

C5 = "(PI+P2 ) h_
in.

where P =
o

Figure X-B-6

14.7 psia

Nomograph for Calculation of I + (pl+P2) hT



11.5 P
h P2 + PI C4 _ C5 = o

o PI + P2

A

Figure X-B-7 Schematic Representation of Figure X-B-6 )

(7)

(8)

(9)

(I0)

(Ii)

Draw a line between the C4 intersection and h, and

intersecting C5. Observe the value of C5.

Referring again to Figure X-B-6, place the observed

value of C5 on the corresponding scale, I + C5.

Connect a line between the points on the W. scale

and I + C5 scale. Observe the point of intersection
on the B scale.

Connect the B scale intersection with a line drawn

through point A intersecting the WT scale.

Read the value of transition leakage flow on the WT
scale.

A."



XI FLUID SYSTEM COMPONENTS

Table of Contents

Section-Part

XI -O

XI -O

Title

List of Tables ...........................

List of Figures ..........................

Section-Part.Page

XI-O.4

XI-O.5

Xl-I

Xl-2

Xl-3

Introduction .............................

Valves - General .........................

Introduction ...........................

Control Elements ......................

Sealing Elements .......................

Elastomeric Sealing Elements ..........

Plastic Sealing Elements ..............

Metallic Sealing Elements .............

Summary of Sealing Element Requirements

Fluid Forces Acting on the Control and

Sealing Elements .....................

Static Pressure Forces ................

Forces Due to Leakage at the Sealing

Interface ............................

Flow Induced Forces ...................

Summary of Forces Acting on the Control
Element ..............................

Sealing Element Leakage ...............

Isentropic Flow .......................
Turbulent Channel Flow ................

Laminar Flow ..........................

Transition and Molecular Flow .........

Interface Loads and Leakage ...........

Factors Influencing Valve Design and

Selection ...............................

Introduction ..........................

Fluid Effects .........................

Pressure Drop and Flow Capacity .......

Poppet Stroke .........................

Sealing and Control Element Configura-

tion .................................

Contamination .........................

Actuation Methods .....................

Solenoids .............................

Response Time .........................

Pressure Effects ......................

Housing Construction ..................

Xl-l.l

XI-2.1

XI-2.1

XI-2.1

XI-2.3

XI-2.6

XI-2.7

XI-2.9

XI-2.10

XI-2. ii

Xl-2.11

XI-2.15

X1-2.17

XI-2.21

XI-2.21

XI-2.23

XI-2.24

XI-2.25

XI-2.26

XI-2.27

XI-3. I

XI-3.1

XI-3.1

XI-3.2

XI-3.6

XI-3.9

Xl -3.12

Xl-3.17

X1-3.17

Xl-3. 19

Xl-3. 19

Xl- 3.20

-6-Bo I



Section-Part

XI-4

Xl-5

XI-6

X1-7

Table of Contents

Title

(contd)

Types of Valves ..........................

Start Valves ..........................

Fill and Vent Valves ..................

Relief Valves .........................

Direct Operated Relief Valves .........

Seat Load Sensitive Valves ............

Seat Load Non-sensitive Valves ........

Pilot Operated Relief Valves ..........

Check Valve ............................

Explosive Valves ......................

Explosive lnitlation ..................

Typical Explosive Cartridge ...........

Filters ..................................

Introduction ..........................

Woven Wire Mesh .......................

Wound Wire Mesh .......................

Sintered Wire Mesh ....................

Dutch Weave Wire Mesh .................

Disc or Ribbon Edge Filter ............

Sintered Metal ........................

Composite Sintered Metal and Wire

Cloth ................................

Etched Disc ...........................

Pressed Paper .........................
Matted Fibers .........................

Comparison Factors for Filters ........

General Purpose Seals ....................

Introduction ..........................

Static Seals ..........................

Metallic Pressure-Energized Seals .....

Metallic Non-Pressure-Energized Seals.

Combination Pressure-Energized Seals..

Combination Non-Pressure-Energlzed

Seals ................................

Nonmetallic Pressure-Energized Seals..

Nonmetallic Non-Pressure-Energized

Seals ................................

Sliding Seals .........................

Rotating Shaft Seals ..................

Seal Design and Selection Methods ........

Introduction ..........................

Seal Housing ..........................

Thermal Expansion .....................

Sectlon-Part.PaKe

Xl-4. I

Xl-4. l

XI-4.2

XI-4.6

XI-4.8

XI-4.8

XI-4.8

XI-4. IO

XI-4. !2

X1-4.15

X! -4.16

XI-4.17

Xl-5. I

Xl-5. l

Xl-5.2

XI-5.2

Xl-5.2

Xl-5.2

XI-5.3

XI-5.3

XI-5.3

XI-5.4

XI-5.4

XI-5.4

XI-5.5

Xl-6. I

Xl-6. I

Xl-6. I

Xl-6.1

XI-6.3

XI-6.4

XI-6.4

XI-6.6

XI-6.7

XI-6.8

X] -6.9

Xl-7. I

Xl-7.1

Xl-7.1

XI-7.9

rD

- I-



Section-Part

X1-8

XI-9

XI-IO

Table of Contents (contd)

Title

Other Thermal Effects .................

Seal Structure ........................

Application of Analytical Methods .....

Leakage Prediction ....................

Summary of Seal Structural Requirements

Expulsion Devices ........................

Introduction ..........................

Positive Expulsion Devices ............

Non-Positive Expulsion Devices ........

Fluid Connectors .........................

Introduction ..........................

Separable Connectors ..................

General Design and Selection Factors..

Threaded Connectors ...................

Bolted Flange Connectors ..............

Semi-Separable Connectors .............

References........... ...... ..............

Section-Part.Page

XI-7.13

X1-7.14

Xl-7.16

XI-7.21

XI-7.22

Xl-8.1

XI-8.1

XI-8.1

X1-8.4

Xl-9.1

Xl-9. I

Xl-9.1

XI-9.3

Xl-9.8

X1-9.12

X1-9.15

Xl - iO. 1



Sec tion-Par t-Tabl e

XI-2-1

XI-2-2

Xl-3-1

XI-5-1

XI-7-1

XI LIST OF TABLES

Table

Comparative Ratings of Control

Elements with Elastomeric Seals ....

Comparative Ratings of Control

Elements with Plastic Seals ........

Common Poppet Configurations .......

Mechanical Filter Comparison Chart.

Leakage Prediction of a Naflex Seal

Section-Part.Page

XI-2.7

X1-2.8

XI-3. I0

Xl-5.8

XI-7.22

)

- 5-5 -



Section-Part-Figure

XI-2-1

XI-2-2

XI-2-3

XI-2-4

XI-2-5

XI-2-6

XI-2-7

XI-2-8

XI-2-9

Xl-2-10

XI-2-11

XI-2-12

XI-2-13

XI-2-14

XI-2-15

Xl-3-1

X1-3-2

X1-3-3

X1-3-4

XI-3-5

XI LIST OF FIGURES

Title

Typical Poppet Configurations .....

Schematic Sideview of an Eccentric

Butterfly Valve ...................

Blade Valve .... ...................

Tappered Gate Valve ...............

Poppet Valve with Elastomeric Seal

Element Retained by a Special Seal

Cavity ............................

Anti-Extrusion Method for a

Plastic Seal Poppet Valve .........

Four Configurations of a Solenoid

Operated Poppet Valve .............

Effect of Pressure on Start Valve

Bellows Unbalance .................

Pressure Profiles .................

Pressure Distribution Across the

Face of a Poppet Valve ............

Pressure Distribution on the Disc

of a Butterfly Valve ..............

Butterfly Valve Torque

Characteristics ...................

Compensation for Flow Induced

Forces... ............... . .........

Typical I.O Inch Poppet and Seat

Model .............................

Theoretical Nitrogen Flow

Through the Valve Model Shown in

Fig. XI-2-14 ......................

Approximate Values of C Versus
V

Valve Diameter ....................

A Comparison of Control Valve Flow

Characteristics ...................

Conical Poppet Stroke Relation for

Various Half Angles ...............

Typical Pilot Operated Valves .....

Conical Poppet Seat Design, Tank

Vent Valve (Rocketdyne) ...........

Sectlon-Part.Page

XI-2.2

X1-2.2

XI-2.2

XI-2.2

Xl-2.7

Xl-2.9

XI-2.13

XI-2.14

XI-2.16

X1-2.18

XI-2.19

XI-2.19

XI-2.20

XI-2_22

XI-2.22

XI-3.5

XI-3.7

XI-3.8

Xl-3.11

XI-3.13



Section-Par t-Figure

XI-3-6

XI-3-7

X1-3-8

XI-3-9

Xl-3-10

XI-3-11

XI-3-12

XI-3-13

Xl-4-1

XI-4-2

XI-4-3

X1-4-4

XI-4-5

XI-4-6

XI-4-7

X1-4-8

X1-4-9

Xl-4-10

Xl-4-1 1

FIGURES (contd)

Title

Flat Poppet Seat Design, Vent Port

Check Valve (Rocketdyne) ..........

Spherical Poppet Seat Design, High

Pressure Relief Valve (Aqualite

Corp.) ............................

Conical Poppet Seat Design, Pro-

Pellant Control Solenoid Valve I

(Rocketdyne) ....................

Conical Poppet Design, Propellant

Control Solenoid Valve II (Honey-

well) ............................

Conical Poppet Seat Design, All

Metal Check Valve (Randall Engi-

neering Corp.) ..................

Spherical Poppet Seat Design, Snap

Action Relief Valve (Frebank Co.).

Flat Poppet Seat Design, Metal-to-

Metal (Randall Engineering Corp.).

Self Aligning Bi-Polar Solenoid

Valve (Parker Aircraft) ...........

Simple Fill and Vent Valves .......

Typical Quick-Disconnect Couplings

Pressure Flow Characteristics of a

Relief Valve ......................

Ball Poppet Valve .... .............

Conical Poppet Valve ..............

Sleeve Type Poppet Valve ..........

"V" Seal Valve to Provide Snap

Open Characteristics ..............

Inverted Seat Valve ...............

Inverted Seat Valve with Diaphragm

Retainer ..........................

Pilot Operated Valve ..............

Inverted Seat Pilot Operated Valve

Sectlon-Part.PaKe

XI-3.13

XI-3.13

Xl-3.13

XI-3.14

X1-3.14

XI-3.14

Xl-3.14

XI-3.15

XI-4.4

XI-4.5

XI-4.7

XI-4.9

XI-4.9

XI-4.9

Xl-4.11

Xl-4. II

Xl-4.11

-



Section-Par t-FiKure

XI-4-12

XI-4-13

X1-4- 14

XI-4-15

XI-4- 16

XI-4-17

XI-4-18

XI-5-1

XI-5-2

XI-5-3

XI- 5-4

XI-5-5

XI-5-6

XI-5-7

XI-5-8

XI-5-9

Xl-6-1

XI-6-2

X1-6-3

X1-6-4

XI-6-5

X1-6-6

XI-6-7

XI-6-8

FIGURES (contd)

Title

Typical Check Valve Pressure Drop

Curves............................

Typical Bali Check Valve ..........

Typical Pressure Versus Time Re-

cord for an Explosive Actuator ....

Typical Explosive Cartridge .......

A Normally Open and a Normally

Closed Explosive Valve. ...........

Normally-0pen Explosive Valve .....

Normally-Closed Explosive Valve...

Woven Wire Mesh ...................

Wound Wire Mesh ...................

Dutch Twill Weave Wire Mesh .......

Ribbon Edge Filter ................

Sintered Porous Metal Filter ......

Composite Sintered Porous Metal

with Wire Mesh ....................

Etched Disc Filter ................

Pressed Paper Filter ..............

Membrane Filter ...................

Metallic Seal Structure with

Plated Sealing Surfaces ...........

Metallic Structure with Plastic

Sealing Surface in a Separable

Flange ............................

Wedge Shaped Flange Soft Flat

Gasket ............................

Solid Metal Profiled ..............

Molded Elastomer Seal Metal

Loading Spring ....................

General-Purpose Flange (Soft

Metal) Gasket (Elastomer) and

Metal Jacket Filler (Asbestos) ....

Ring Type Solid Elastomer .........

Metallic Pressure Energized Seal..

Sectlon-Part.Page

XI-4.13

XI-4.14

X1-4.16

XI-4.17

Xl-4.19

XI-4.20

XI-4.20

Xl-5.5

XI-5.6

XI-5.6

XI-5.6

XI-5.6

XI-5.7

XI-5.7

XI-5.7

XI-5.7

XI-6.3

X1-6.3

XI-6.4

XI-6.4

Xl-6.5

XI-6.6

XI-6.7

X1-6.10

-d-EG --



Section-Part-Figure

X1-6-9

Xl-6-10

XI-6-11

XI-6-12

Xl-6-13

XI-6-14

XI-6-15

XI-6-16

XI-6-17

Xl-7-1

XI-7-2

XI-7-3

XI-7-4

XI-7-5

XI-7-6

XI-7-7

XI-7-8

XI-7-9

Xl-7-10

Xl-7-11

Xl-8-1

XI-8-2

XI-8-3

XI-9-1

FIGURES (contd)

Title

Nonmetallic - Nonpressure Ener-

gized Seal ........................

Metallic Nonpressure Energized

Seal ..............................

Nonmetallic - Pressure Energized

Seal ............ ..................

Metallic Split Piston Ring Seal...

Rolling Diaphragm Seal ............

Face-Type Seal ....................

Lip-Type Seal .....................

Circumferential Split-Ring Seal...

Packing or Stuffing Box Seal ......

General Cover Geometry ............

Flat Cover Geometry ...............

Flat Cover Plate Geometry .........

Bolted Cover ......................

Bolt Cover with Seal ..............

Simplified Cover and Seal Geometry

Seal with Cantilever Leg of

Constant Thickness ................

Two-Inch Diameter Navan Seal ......

Load Deflection Characteristics of

a Naflex Seal .....................

Leakage of a Two-Inch Naflex Seal

at 80°F ...........................

Leakage of a Naflex Seal at Low

Temperatures ......................

Piston-Like Positive Expulsion

Devices ...........................

Typical Bladder Type Expulsion

Devices ...........................

Life Cycle of a Convoluted Metal

Diaphragm .........................

Typical Threaded Connector Con-

figuration ........................

Sectlon-Part.Page

Xl-6. IO

Xl-6.11

Xl-6. II

Xl-6.12

Xl-6.12

Xl-6.12

Xl-6.12

XI-6.13

XI-6.13

XI-7.3

XI-7.5

XI-7.5

XI-7.6

XI-7.8

XI-7.12

Xl-7.15

X1-7.17

Xl-7.19

XI-7.23

Xl -7.24

XI-8.2

Xl-8.3

XI-8.4

XI-9.2

D

-S-37-



Section-Part-Figure

XI-9-4

XI-9-5

XI-9-6

XI-9-7

XI-9-8

XI-9-9

Xl-9- IO

XI-9-11

XI-9-12

XI-9-13

XI-9-14

XI-9-15

XI-9-16

XI-9-17

XI-9-18

XI-9-19

FIGURES (contd)

Title

Simple Bolted Flange ..............

Flange with Pressure Energized

Seal ..............................

Schematic of an AN Flared Fitting.

Temperature Compensated Flange

Design ............................

"MC" Tube Connector ...............

"MC" Fitting with Voi-Shan Washer.

AN Fitting with "O"-Ring ..........

AFRPL Flanged Tube Connector ......

Tube Connector Utilizing Super-

finished Surface Sealing Principle

Flange Contact Inside the Bolt
Circle ............................

Flange Contact Outside the Bolt

Circle ............................

Typical Omega Seal Configuration..

Omega Seal Connector Schematic ....

Diffusion Bonded Connector

Schematic .........................

Swaged Connector Un_on,
Unassembled .......................

Swaged X-Fitting ..................

General Electric Cold Welded

Connector Seal ....................

Formation of Cold Welded Seal .....

Section-Part.PaKe

XI-9.2

Xl-9.6

XI-9.7

Xl-9.7

XI-9.9

X1-9.11

Xl-9.11

Xl-9.12

XI-9.13

X!-9. !4

XI-9.15

XI-9.16

XI-9.16

XI-9.17

XI-9.18

XI-9.18

XI-9.19

XI-9.19



XI-I INTRODUCTION

The purpose of this Section is to discuss basic fluid components

which can be employed in the construction of a pressurized gas storage

system. The discussion is limited to individual componentswithout re-

gard to their interrelationship with one another or the design philos-

ophy governing the entire pressurization system with respect to the
spacecraft. This topic is considered in Section X.

The major items of interest in this Section are valves, filters,

general purpose seals, connectors and fittings, and expulsion devices.

Several of these topics comprise more than one item, for example, valves

are further cataloged as shut-off or start, fill, vent, check, and re-

lief valves. Each of these componentsare considered individually.

However, each potentially possess commonfeatures. To proceed ration-
ally in their discussion, therefore, the commonfeatures are considered

first_followed by a discussion of the individual item.

The format of this Section is to briefly survey and assess the de-

sign merits and limitations of the individual component features. Based

upon certain conclusions, design and selection criteria are outlined for

the most promising components. Since the conclusions are subject to

present state-of-the-art knowledge and individual interpretations, in-

formation sources for design and the less promising componentsare ap-

propriately referenced. The inclusion of criteria for a broad spectrum

of candidate components is a substantial task and beyond the scope of this

guidebook.
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Xl-2 VALVES - GENERAL

Introduction

A valve is a device used to control the direction, flowrate, or

pressure of a fluid. To provide these functions the device normally con-

tains a movable control element within a fluid-containing housing. The

valve element is composed of one or more sealing elements formed between

the control element and the fluid-containing housing. The contacting

surface of the valve element on the housing is defined as a sealing ele-

ment seat. In addition, a means of actuating the control element is re-

quired. This latter aspect, however, is associated with the specific

component. The common features of all valves can, therefore, be specific-

ally identified as the control element and the seal element. In the

following discussion the various types of control elements are briefly

described with a subsequent assessment of their applicability to Ioi_g

term gas storage systems in terms of the sealing elements.

Control Elements

The pertinent control elements are one direction flow control devices.

This distinction is made to eliminate such devices as four-way servo valves

from the survey. The general classes of one direction control devices

applicable to pressurized gas systems include poppet, butterfly, gate and

blade valves. For lower pressure applications, ball, rotary slide, spool

and rotary plug valves are used in addition to those listed above. These

latter valves will not be covered in this guidebook, but are mentioned to

make the reader aware of their relative usage.

Poppet valves contain a control element which moves parallel to the

flow passage. The shape of the control element commonly has the form of

a sphere, cone, plug or flat plate as shown in Figure Xl-2-1. The sealing

element is formed at the contacting surfaces of the poppet and seat.

A butterfly valve, Figure XI-2-2, consists of a disc supported on a

shaft which is rotated within a housing forming the flow passage. To pro-

vide a seal element at closure, the disc is either canted or eccentric with
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respect to the actuating shaft. The seal element is formed at the perimeter

of the disc.

Gate and blade valves contain control elements which slide normal to the

flow passage as shown in Figures XI-2-3 and XI-2-4. The seal element is

formed by urging the control element against the seat. A variation of this

arrangement is shown in Figure XI-2-4 where the gate is depicted as a wedge.

In this case, two sealing elements are present.

Spheric_(',)!Poppet

--I I

Flat _ Poppet

Conical _ Poppet

Plug

I

Poppet

0

Fig. XI-2-1 Typical Poppet Configurations

Fig. XI-2-3 Blade Valve (Ref. 6)

m_

Seat

Fig. XI-2-2 Schematic Side View

of an Eccentric

Butterfly Valve

Fig. XI-2-4 Tapered Gate

Valve (Ref. 6)



Sealin_ Elements

To assess the merits of the preceding control elements, the qualitative

requirements for minimum leakage sealing as discussed in Section X-4 must be

used as guidelines. These guidelines are in the form of requirements for

interface seal loads, material properties, surface finish and other surface

variations. The sealing element can be specifically defined as the inter-

face formed by the control element and the housing.

The factors influencing valve sealing can be categorized into four

basic groups depending upon their origin and identified as (I) design, (2)

fabrication, (3) environment and (4) fluid effects. The groups can be

further subdivided as follows:

A.

(i)

Design Factors

Configuration of the Control Element

a. Geometry of the interface

b. Designated tolerances, surface finish, and other

dimensional influences producing such factors as

deformation resulting from fluid pressure acting

on housing and control elements

(2) Forces Acting at the Sealing Interface

a. Static pressure forces in the control ' -+e_eme,_

b. Pressure forces due to leakage flow

c. Mechanical forces

d. Actuation or other external forces acting on the

control element

e. Friction forces

f. Impact forces

(3) Material Properties (Macroscopic and Microscopic)

a. Modulus of elasticity

b. Yield strength

c. Hardness

d. Wear

e. Thermal conductivity

f. Thermal expansion

g. Impact

h. Friction

i. Fretting corrosion and surface fatigue

j. Chemical corrosion

k. Permeability

i. Chemical compatibility

m. Creep and other long term effects on material

properties

-
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Fabrication Factors

i. Fabrication Processes

a. Dimensional variations attributed to the machine

tool capability.

I. Concentricity

2. Flatness

3. Sphericity

4. Roundness

5. Straightness

6. Angularity

7. Surface finish

8. Size

9. Geometry and location of critical surfaces

b. Dimensional variations attributed to the material

properties such as machinability

2. Inspection Processes

a. Limitations of inspection instrumentation to reach

all critical areas. This is attributed to the

valve configuration.

b. Limitations of the inspection instrumentation with

respect to absolute values of measurement. This

refers to the reliability of the measurement based

on a standard calibration using an instrument of

greater sensitivity and reliability

Environmental Factors

i. Storage procedures to prevent scratches, atmospheric

corrosion and other "shelf" induced effects including

packaging

2. Operational temperature and dimensional stability of

parts

3. Sterilization temperature

4. Fluid contaminants including water and ice

5. External contaminants such as space debris, lunar

dust, etc.

6. Vacuum degradation

7. Radiation

8. Vibration, acceleration and impact

9. Cold welding



D. Fluid Factors

I. Viscosity

2. Thermal conductivity

3. Specific heat

4. Vapor pressure

5. Lubricity and corrosivity

6. Density

7. Surface tension

8. Pressure

To assess each of the control element configurations on the basis of

the preceding factors is indeed a difficult task because many of the factors

are interrelated. Some generalizations can be made, however, which reduce

the number of factors to a working level. In achieving this simplification,

common factors are omitted from consideration and additional factors are

introduced. The new factors are minimum leakage, cost and the resistance

tn fluid flow produced by the control element. The latter factor _s in-

troduced in general but applies specifically to start valves. The influ-

encing factors can be restated:

(I) The sealing interface must be composed of completely

contacting surfaces. From the viewpoint of geometry

and fabrication problems, simplicity is a good des-

cription of an optimum sealing element.

(2) The net loads acting at the sealing interface must be

uniformly distributed. This can only be achieved by

uniform contacting surfaces.

(3) The net load acting at the interface must be commens-

urate with the surface finish and material properties.

(4) No gross plastic deformation of the sealing interface

is permitted unless unusual circumstances prevail.

These circumstances entail compensating devices or

"one time" operational valves.

(5) The control element should provide minimum resistance

to flow.

(6) There should be no relative motion between contacting

surfaces which produces wear. Relative changes in

the sealing surface position is permissible provided

that uniform contact is maintained.



Following the preceding arguments, each of the control elements can

be assessed with respect to the materials forming the interface.

D

Elastomeric Sealing Elements

With nominally precise fabrication processes employed in their manu-

facture, all of the valve elements considered in this Section can provide

minimum leakage, 10 .5 cc/sec or less, when elastomers are used as part of

the sealing element. This assumes that good design practice is employed

in each case with respect to the seal element, control element, housing,

and actuating mechanism.

From an optimization viewpoint, however, certain factors must be con-

sidered. These factors are identified and related to the specific con-

figurations in Table XI-2-1. From an obvious consideration, simplicity

and cost are somewhat related and are of primary consideration when equal

leakage performance is chosen as a basis for comparison. The next factor

of importance is whether the design is suitable for elastomeric sealing.

For example, the sliding motion of a sharp metallic edge across a seal

element can destroy the element. The fourth consideration is the proximity

of the sealing element to the flow stream. Seal elements in the direct flow

stream are subject to erosion. Additionally, elastomeric seal elements

located in regions of high velocity flow, particularly when the element

is close to closure, have a tendency to erode and wash away unless special

restraining techniques are utilized. The latter effect is due to a pressure

difference across the sealing element. The fifth factor is related to the

geometry of the element and its influence on reducing the flow path or

causing changes in momentum of the flow. This effect is described as re-

sistance to flow and is related to system efficiency. The sixth factor is

related to friction induced by the sealing element and the consequent in-

crease in actuating force required to operate the element.

If each comparison factor is weighed on a l-Good, 2-Fair, and 3-Poor

basis, it can be seen from Table XI-2-1 that the lower total weighed values

can be assigned to the poppet valve. From Table XI-2-1, the optimum valve

is the poppet device. The influences of flow on the elastomeric sealing

element of a poppet valve can be minimized through design features such as

that shown in Figure XI-2-5.

4 i
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Table XI-2-1

COMPARATIVE RATINGS OF CONTROL ELEMENTS WITH ELASTOMERIC SEALS

FACTORS

Simplicity
i •

Cost

BUTTER-
POPPET

FLY

1 3

1 3 3

Design pertinent to

elastomeric sealing 1 i I

Influence of flow on

on sealing element 3 2 1

Resistance to flow 2 2 1

Seal element induced

friction i 1 2

9 12Total

Rating Method:

IO

l-Good, 2-Fair, 3-Poor.

BLADE &

GATE

2

ROTARY
BALL

_LIDE

3 2

3 3

1 3

1 2

i 2

SPOOL

i

2

PLUG

3

3

3 3 3 3

12 15 12 12

Fig. XI-2-5 Poppet Valve with Elastomerlc Seal Element

Retained by a Special Seal Cavity (Courtesy
of Kepner Products Co.)

Plastic SealinK Elements

A conclusion reached in Section X is that minimum leakage (less than

10-5
cc/sec) in metal to plastic interfaces can be achieved by either

plastically deforming the plastic or having precision finishes on the met-

allic parts such that the deformation is elastic. Compared to elastomer

sealing elements, the dimensional tolerances in either case must



significantly improve. These tolerances include out-of-roundness, surface

finish, straightness, waviness, etc. The tolerances of interest are de-

pendent upon the geometry of the sealing element.

Interface stresses less than that required for full plasticity require
fabrication finishes less than I microlnch PTV. The out-of-roundness

variation of a cylindrical or spherical part must be in the range of 50

microinches or less. It must be recognized that the preceding dimensions

and leakage limitation are generalized. The size of the componentand

leakage are somewhatrelated. Small sealing elements leak less than larger

elements. Additional detrimental effects are occasioned by a diminishing
ability to fabricate and measure precision tolerances as size increases.

Contact stresses equal to the full plasticity stress produce a high
friction contribution to the control element actuation function and addi-

tionally, introduces severe creep and extrusions problems. Another factor

of significance is the influence of wear at any semi-dynamic seals.

A review of the construction features of the control elements yields

a weighed comparison as shownin Table XI-2-2. The factors upon which the

table is based are low friction, wear and debris formation, and creep and
extrusion control.

Table XI-2-2

COMPARATIVERATINGSOF CONTROLELEMENTSWITHPLASTICSEALS

FACTORS

Low Friction

Wearand Debris
Formation

Creep and Extrusion
Control

BUTTER-POPPET FLY
1 2

I I

3 3

BLADEOR ROTARY
BALL SPOOLPLUGGATE SLIDE

3 3 3 3 3

3 3 3

3 3 3

3 3

3 3

Rating Method: 1-Good, 2-Fair, 3-Poor

3
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Since the poppet moves normal to a sealing surface, the seal element

can be described as frictionless. The remaining control elements possess

dynamic seals which contribute to friction and the generation of wear and

the formation of contaminants. In all cases, the problem of creep and ex-

trusion apply. Special backup devices and composite construction of the

plastic are often used to reduce this effect. A technique to provide mini-

mum extrusion and simultaneously compensate for any losses of material in

a poppet valve is shown in Figure XI-2-6. This design requires a reaction

spring and sealed fluid pressure to provide the high normal stress at the

sealing interface.

In summary, a comparative performance of each control element yields

the conclusion that the poppet configuration possesses the greatest advan-

tages for use with plastic sealing elements. The second choice is the

butterfly valve followed by a modified version of the conventional blade or

gate valve. In both cases, additional linkage mechanisms are employed so

that the final sealing is accomplished in poppet valve fashion. When these

valves open, no contact with the sealing surface occurs.

Teflon

Fig. XI-2-6 Anti-Extrusion Method for a Plastic

Seat Poppet Valve

Metallic Sealing Elements

The problems of sterilization temperature and radiation damage can

limit the choice of sealing materials to metals. When employed, the

possibility of cold welding in high vacuum exists. Contamination from all



sources impose a muchgreater influence on metal to metal sealing than

plastic or elastomeric sealing.

To achieve minimumleakage (10-5 cc/sec or lower) in metal to metal

interfaces, the following criteria must be applied to the sealing element:

(i) Whensurfaces are rough ( >I_ inch PTV); high inter-
face loads sufficient to produce full plasticity are
required. This results in high friction and wear.

(2) Whensurfaces are highly polished (< I@ inch PTV)
low interface loads are permissable but not reliable
from an operational viewpoint.

A functional comparison of all valve elements shows that the optimum

choice of sealing element is the poppet configuration. This conclusion is

based solely on the influence of wear debris particles whichprevent the

sealing surfaces from mating closely. Consequently, all control elements

containing a dynamic seal are eliminated from consideration. A weighed

rating comparison for metallic elements would yield the same comparison as

shown in Table XI-2-2 for plastic elements. Another factor eliminating all

valve elements except the poppet is the precise tolerances required even

when higher leakage rates can be tolerated. Complex control element com-

ponents such as the ball and plug valve must be made to dimensions varying

not more than 20 microinches PTV. The cost of fabrications is quite high

and precautions in preserving the sealing surfaces from damage must be

exercised.

D

Summary of Sealing Element Requirements

The preceding discussion leads to the conclusion that the poppet type

control element possesses optimum characteristics for minimum leakage.

This conclusion must be qualified as follows:

I) When high leakage rates (greater than 10 .3 cc/sec)

are encountered, the blade, gate, or butterfly

valve may be more suitable particularly when high
flow rates are involved.

2) The degree of minimum leakage depends on many

factors as described in Section X-9. It is sug-

gested that leakage calculations be made before

assuming absolute merits of any poppet valve. The



procedures for leakage calculations are outlined
In _ectlcn X

3) Since at least four basic poppet configurations
are available (see Figure XI-2-1), one type may
have advantages over another. This depends upon
the valve application and is discussed separately.
In general, the factors governing th_ selection
of sealing materials is the hardness of the softer
interface material Hence, elastomers, plastics,
and metallics are the order of preference. The
susceptability to contaminant influences also
follow in the sameorder The interface surfaces
must be finished as smooth as possible commen-
surate with a tolerable leakage requirement . The
integrity of the surface must not be influenced
by variations of element and seat orientation or
from any of the environmental effect.

Fluid Forces Acting on the Control and Sealing Elements

Several fluid pressure forces act on the control and sealing element

s_,,,ew_,a_ When _L .... _-'- element produces closure,

two forces are prevalent One force is due to static pressure acting on

to leakage flow through the sealing interface. The resultant of these

forces produces a net interface contact loading However, when the control

element is unseated and permits flow, additional forces are contributed by

the dynamics of the flow. Hence, three distinct fluid forces must be con-

sidered in any valve design

Static Pressure Forces

Static pressure forces result from differences in fluid pressure act-

ing on areas of the control element or the same pressure acting on unequal

areas of the element The resultant of these forces is described as un-

balanced or balanced depending on the valve element design The term bal-

anced does not imply that all forces on the element are balanced, Only the

static pressure forces are balanced

The techniques for controlling the degree of balance vary and in the

case of several valve designs, balance cannot be controlled. In these cases

the valve element is usually completely unbalanced. Before considering the

- 0-6X3-



merits of either effect, a solenoid operated, poppet type valve is chosen

to illustrate the terms

A completely unbalanced valve is shown in Figure XI-2-7(a) where inlet

pressure acts over the full seating area To compensate for the force due

to the inlet pressure, an opposing poppet can be included in the valve

element as shown in Figure Xlo2-7(b) In this case the valve contains two

sealing surfaces which can be classed as semi-static seals To completely

balance the valve element, the seat and poppet geometry must be identical.

Another method of balancing requires the use of a sliding seal in lieu of

one poppet, as shown in Figure XI-2-7(c) In this case, complete balance

requires that the poppet seat and element geometry be equal to that of the

portion of the valve element containing the sliding seal. The sliding seal

element can be replaced by a bellows seal as shown in Figure XI-2-7(d). The

degree of balancing on the valve elements shown in Figures XI-2-7(b), (c),

and (d) can be controlled by varying the geometric area relationships be-

tween the two sealing elements. For example, the diameter of the sliding

seal in Figure XI-2-7(c) can be reduced thus increasing the unbalanced

force

The degree to which pressure forces can be controlled is difficult to

assess In the cases of all four valves shown, manufacturing tolerances are

most important The second requirement is that no detrimental frictional

effects are present This is particularly pertinent to the valve shown in

Figure XI-2-7(c) Unfortunately, minimum leakage sliding seals do possess

significant frictional increases with increasing pressure or vice-versa.

Attempts to minimize sliding friction effects by using wet seals is being

investigated by TRW Systems (Ref. l; 2) Gallium and DC705 liquids have been

deposited on sliding surfaces where the wetting action produces surface

tension within the liquid thus blocking the leakage path.

The bellows seal, shown in Figure XI-2-7(d) induces pressure dependent

forces due to a change in geometry of the bellows. These changes are

difficult to predict except from past experience Typical variations of

bellows unbalance are shown in Figure XI-2-8 for a O.151 so.lar_ inch seat

a_-_ - , _ ' 3_ In add -,, to the design and _abr_cation in-

duced force ,.'_'-',.._...,. . pe:.a_c, na _`. de_o_ _[ion of the \,alve element seats

produce balancing variations due to creep c,r fret]ng cnrros_on



Valves which are usually completely unbalanced by virtue of their

design are gate, blade, single poppet, rotary plug and ball valves. The

remaining valve types can be balanced to the extent that the configuration,

fabrication and functional operation will permit.

]

(a) Unbalanced Poppet

(c) Balanced Valve with

Sliding Seal

U
Balanced Valve with

Double Poppet

(b)

 iiiVI
AI

I

7

I

(d) Balanced Valve with

Bellows Seal

Fig. XI-2-7 Four Configurations of a Solenoid Operated Poppet Valve (Ref. 9)
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Fig, XI- 2-8 Effect of Pressure on Start Valve Bellows

Unbalance (Ref. 3)
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Forces Due to Leakage at the Sealing Interfac_

Fluid flowing in small channels formed by the sealing surfaces in con-

tact produce a pressure distribution or gradient due to energy losses

accompanying the flow. An integration of this gradient over the entire in-

terface produces a force tending to separate the surfaces. These forces

determine such external performance parameters as start valve actuating

force, cracking and reseat requirements for relief valves or influence

stability in the case of regulators and flow modulating valves.

The theoretical aspects of fluid flow in small channels simulating a

sealing interface are discussed in Section X-A. When the leakpath is

large and the flow is compressible, choking can occur at the exit. The

problem is difficult to treat theoretically and with some simplifying

assumptions it can be considered analogous to isentropic flow through a

short tube orifice. Reference 8 contains a discussion of flow through

short tubes. Because the analysis is basically qualitative, the pressure

gradient is most often determined experimentally. For turbulent incom-

pressible fluid flow, the pressure drop is a direct function of the length

of the path; therefore, the pressure profile is linear across the seat

land. This results in an effective seat load resultant at the mid point

of the interface. The pressure distribution for the compressible, turbu-

lent gas flow is somewhat more complex and depends upon the equivalent

interface clearance. In general, the pressure profile along a channel is

linear for high Reynolds numbers but, as the clearance decreases, the pro-

file progressively approaches the parabolic shape found in the laminar

flow regime. Fortunately, leakage flow through the interfaces of most

valves is in the laminar or molecular flow region. Unlike the analysis

of pressure distribution in the choked and turbulent channel regimes, the

laminar consideration is straightforward. Because the density is essen-

tially constant for the incompressible fluid, the pressure profile will

be a straight line with the effective area located at the midpoint,

Figure XI-2-9.

Based on the laminar flow equation for compressible media, the follow-

ing formula can be derived which expresses the variable pressure P as a

- 6-0- V-



Effective _I

'Diameter _1

(a) INCOMPRESSIBLE FLUID (b) CO_iPRESSIBLE FLUID

Fig. XI-2-9 Pressure Profiles (Ref. 5)

function of the distance along the seat land X:

The resulting curve is parabolic in shape _Figure XI-2-9(b)). To find the

average pressure P over the entire land, the previous equation is inte-

grated to give the following relationship:

= 2 Pl 3 P2 3 (2)

3 pl 2 p2 2

If P2 can be neglected, the average pressure for the seat land reduces to:

,.. 2 (3)
P=_PI
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It follows that for L small relative to the ID and P2<<PI, the effective

seat diameter for compressible media is located at 2/3 of the distance

across the seat land.

For the special case where the radial divergence must be taken into

account, i.e., when L is large relative to the ID, Equation (i) must be

modified. It can be seen in the following equation that X/L in the original

equation, has been replaced by a radius function and the variable pressure

P is now a function of the radial distance r along the seat land.

Since both r

_n rl
(4)

P = P1 I - _n nr2 1 - P1 J

r I

and r2 are variables in the general solution of the equation,1

a single pressure profile curve cannot be determined. However, the general

effect of radial divergence is to straighten out the parabolic curve, and

for the extreme case, actually reverse the curve so that the effective

diameter is less than the land midpoint.

Detail .... _ .... _ _ J _ ,^^ i=u,,=_=_=_. was not given e_ _= _w=._ ! i,_n .,u._=u_ar

pressure distributions because these flow regimes almost always occur under

highly stressed seating conditions, and therefore, the force resulting from

small differences in the effective seat area is often negligible relative

to the total seat force.

Flow Induced Forces

Flow induced forces are attributable to the flow of fluid in the region

of the sealing surfaces and all other additional surfaces prevailing in the

flow stream. The cause of these forces differ from the previously con-

sidered forces in that the control element is not seated and geometric re-

lationship between the seat and control element vary.

The effect of the flow induced forces can be described in a qualita-

tive manner. Consider two positions of a conical poppet valve, as shown

in Figure XI-2-10. Because of the proximity of the poppet to the seat, the

net upward force due to pressure is greater in Figure XI-2-10 (a) than (b).

- 0--5-(0-



This effect is induced by an increase in flow velocity across the poppet

surface as the minimum flow area comes closer to the center of the poppet.

The net force can be obtained by integrating the pressure distribution curve

if the distribution is known. Often a large scale model can be employed

and actual pressure measurements made through a series of small holes in

the poppet surface. For the case of the poppet valve the resultant force

acts through the center of the poppet, if the poppet is symmetrical with

the flow stream. Often, the poppet is not adequately guided and a slight

eccentricity occurs causing the center of reaction to shift. This can re-

suit in lateral motion instability of the poppet. In some valves, the

pressure distribution is more complicated and the direction of the reac-

tion force is not readily determined. The butterfly valve shown in Figure

XI-2-11 contains these features. The operating torque required to position

the disc of a butterfly valve results from friction and non-symmetrical

pressure loading around the disc. Depending on the angular position of the

disc, the flow induced force will change. This change is reflected in ac-

tuating torque and variations in support shaft bearing friction. Often the

change in actuation force will differ in opening the valve compared to valve

closure as shown in Figure XI-2-12. Methods are available to compensate for

these forces and hinge largely upon design ingenuity.

)

Seat

Poppet

Direction

Of Flow

(a)

--Pressure Distribution-

Direction

Of Flow

(b)

Fig. XI-2-10 Pressure Distribution Across

the Face of a Poppet Valve )
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Figure XI-2-13 shows a cross section of a differential poppet relief

valve where the fluid pressure in the spring chamber can be made to vary

with the relative position of the poppet to the seat. These techniques vary

with the control element configuration and the degree of force compensation

required. In general, all control elements are influenced to an extent

by these forces.

Two analytical methods for estimating the steady state flow forces on

a control element have been developed (References 4 and 6). The first

method employs momentum considerations and requires empirical coefficients

based on the element geometry. Reference 4 outlines an investigation of

poppet valve performance using this technique. The second method is based

on an integrated surface pressure or free streamline potential flow con-

sideration. The development of stream functions is complex and requires

large computer facilities to solve the Navier-Stokes equations with a few

restrictions on boundary conditions.

o
O

O

O
O

N: °
0 0

0 0

0 0

• 0

Direction

Of Flow

L,

i

D

)

Fig. XI-2-13 Compensation for Flow

Induced Forces
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Summary of Forces Acting on the Control Element

The influence of all pressure forces acting on the control element

depend upon the function of the valve. In an ideal relief valve, the

summation of forces should be zero at any position of the control element.

This would produce a coincident cracking, reseat pressure, and maximum

pressure at rated flow. Attempts are usually made to achieve this objective.

Since other mechanical forces are usually involved, these also must be taken

into consideration.

A start valve could be force biased to open but would require an ad-

ditional force for closure. Generally, the effects of flow induced forces

are minimized without any attempt to utilize their effects.

Flow modulating valves, like the relief valve, are v_ry sensitive to

any changes in pressure forces. The changes can result in instability and

valve malfunction. This is particularly pertinent to valves which are

static pressure balanced.

Sealing Element Leakage

To illustrate how the leakage equations presented in Section X-A

can be used, the following sample calculation is presented. A flat plate

poppet valve model, shown in Figure XI-2-14, is selected with the interface

dimensions as shown and leakage flow is from the inside to the outside

through a 0.060 inch flat seat. The sample calculations were obtained from

Reference 5 for nitrogen gas sealed at a IOO psig, 70°F, and a 14.7 psia

outlet pressure.

Figure XI-2-15 presents the leakage spectrum for the sample computation.

The various flow regimes, i.e., isentropic, turbulent channel, laminar,

transitional, and molecular are identified on the curve. Also, the limits

of each regime are shown. A range of theoretical parametric data has been

computed for various pressures and gases and is presented with test data in

Reference 5 •
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The following parameters are known values for this seat configuration

and are used in the flow equations to compute the noted leakage character-

istics:

C = 0.95, Discharge coefficient

g = 1.39 x 106 in/min 2, Gravitational acceleration

k = 1.4, Specific heat ratio

L = 0.060 inch, Channel length

P1 = 114.7 psia, Inlet pressure

P2 = P = 14.7 psia, Discharge pressures

R = 663 in/R, Gas constant

TI= T = 530°R, Absolute temperatures

W = 2.95 inches, Channel perimeter (_D) "
s

i0 -II_ = 4.40 x lb-min/in 2, Absolute viscosity

Isentropic Flow

used:

For a compressible f!ui8 flowing sonically the following equation is

RTs[CWhPIIIklIgK2Q=_-s %/RT I _

(5)

Using the assumptions and data outlined previously

Q = 1.045 x 107 h (6)
P

The orifice flow ceases, and turbulent channel flow commences at a height

h of approximately 6 x 103 microinches (Figure XI-2-15). The land width
P

is 0.060 inch giving an L/h ratio of IO as the breaking point.
P

-



Turbulent Channel Flow

Flow in this regime is defined by a curve on log-log paper. A sample

calculation of one point will illustrate the method used. Leakage is com-

puted for a stroke height h of O.OO1 inch using the following steps:
P

(I) Hydraulic diameter, D = 2h = 0.002 inch
P

(2) A friction coefficient (f) is estimated at 0.040.

This is the starting point for the trial and

error solution; (f) will be verified at the con-

clusion of this computation.

(3) Compute fL/D = 1.20

(4) Compute the entrance Mach number, M, from the

following equation:

where

fL = i M 2 k+l (k+l) M 2

+ -- In ( k.l M2) (7)
D kM 2k 2 1 +-_-

fL/D = 1.20, entrance Mach number

M = 0.49

(5) Assuming an isentropic entrance condition, the

entrance static pressure, PI, can be computed

from Equation (8) where P is the stagnation

(total) pressure of ll4.7°psia, and M is the

entrance Mach number:

o= i +--

PI 2

Therefore, static pressure, P = 97.3 psia.

(8)

(6) Again, assuming isentropic conditions, the en-

trance static temperature, T I is computed from
Equation (9) for a total temperature T of 530°R.

O

T

o k- I M 2

T 1 2
(9)
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Therefore, static temperature T 1 = 506°R.

(7) The following series of equations are used to compute the

flow, _, in the channel:

V 1 = M _/kg RT 1

A = Wh
P

= Pl AV I

RT

Q=O_p
S

from which the flow, Q = 7960 scim

(I0)

(8) To prove the flow computation, the originally estimated

friction coefficient, f, is checked. The Reynolds num-
ber is first ....._o_

DVIP I
R = _ = 3.95 x 103 (ii)
e

Using the computed value for Reynolds number, a friction

coefficient is determined from the Moody diagram. The

friction coefficient determined from this curve is 0.0395,

and is close enough to the original estimate of 0.040 so

that a recomputation is not necessary.

The curve plotted from this and other data points is shown as a

dashed line in Figure XI-2-15. This flow regime extends into the initial

portion of laminar flow, i.e., R below 2000 where fluid momentum is still
e

an important consideration.

Laminar Flow

Laminar flow for nitrogen gas is computed from the Poiseuille equation

-3-G



in the following form:

RT
s

Q=F--
s

Whp 3 (PI2 l- p2 2)

24_L RT

Using the assumptions and data outlined:

(12)

3

1013 3Q-- 4.08 x h
P

This flow regime continues until molecular flow can be detected and the

transition flow (laminar + molecular) begins.

Transition and Molecular Flow

The equation used to compute leakage in the molecula_ regime is as

follows:

Q--F--
s L _ RT/g

(13)

Using the assumptions and data outlined:

Q = 2.49 x 108 h
2

P

This flow regime is plotted on the lower right of Figure XI-2-15. The

dashed line connecting the laminar and molecular flow regimes is simply the

sum of the two leakage values. Therefore, the transition equation is:

QTransition = QLaminar + QMolecula_
(14)

The boundaries of this transition regime are defined by the following

limits.

I/h = O.O1 to [.O h
P

The molecular mean free path, A', is 3.61 microinches for nitrogen at

standard conditions (70°F and 14.7 psia). For a mean pressure of 50 psig,

X' = 0.82 microinch.

-'6-G6---



The corresponding height limitation of the transition regime is be-

tween 0.82 and 82 microinches (Figure XI-2-15).

Interface Loads and LeakaKe

The resultant of all forces acting on the seated control element pro-

duce contact stresses acting at the interface. To show how leakage can be

calculated for given contact loads, the poppet valve and conditions of

sealing given on pages XI-2.1 to XI-2.1I are employed. The poppet material

is assumed to be 6061-T6AI aluminum and the seat material is steel and sub-

stantially harder. Additionally, it is assumed that the surfaces are lapped

to a surface finish of 5 microinch (PTV). When these surfaces are mated

together with zero net contact load, the leakage rate is approximately given

as 6 x 10.3 in3/min (STP) in Figure XI-2-15.

Next assume that loads equivalent to contact stresses of I,OOO, IO,OOO,

and 50,000 psia are applied to the interface. The actual loads per inch

of interface circumference are given:

F =O_u.uouj (!5)

where

L : O.O60

o = apparent contact stress

F = net load per inch of interface circumference.

This is the sum of all forces acting on the

control element.

a (psi) F(Ib/in)

I,OOO 60

IO,OOO 600

50,000 3,000

The properties of 6061-T6AI are given in Section VIII.

Meyer hardness = 159,OOO psi =O

Meyer Index = 2.00 = n'

in



Following the procedures outlined in Section X-2, the modified stress

ratio and values for three different loads are tabulated below.

F(ib/in)

60

600

3,000

Modified Stress Ratio = --

0.0063

0.063

0.314

p2/n'

AA/ore

From Figure X-2-18, Section X-2, the conductance parameter, and

equivalent clearance for lapped and polished surfaces is given and

tabulated below.

F(Ib/in)

60

600

3000

h 3 (inch 3)

-18
6 x i0

4 x I0"20

10-22

h_h.
in

1.8 x 10 -6

7.4 x 10 -7

2.2 x 10 -7

Again referring to Figure XI-2-15, the approximate leakage rates are

given and tabulated below.

F(Ib/in)

0

60

600

3000

Nitrogen Leakage

(in3/min (STP))

6xlO "3

7xlO "4

ixlO -4

IxlO -5

Nitrogen Leakage
(cc/sec (STP))

-3
1.6 x i0

-3
1.9xlO

-5
2.7xi0

2.7x10 "6

The preceding results show the sensitivity of seating loads on leakage.

If leakage rates at higher pressures are encountered, a close approximation

can be obtained by applying the pressure squared relationship. For example,

the nitrogen leakage rate at 1,000 psi is approximately i00 times greater

than at I00 psi. It can be seen that even large loads such as 3000 Ib/in

of interface circumference are necessary to provide leakage rates of

3 x 10 .3 cc/sec (STP) at 1,000 psi.

7 4
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XI-3 FACTORS INFLUENCING VALVE DESIGN AND SELECTION

Introduction

The following discussion enumerates various factors influencing the

design and selection of valves for use in pressurized gas systems. The

characteristics presented are common to the valves considered in this

guidebook but are specifically directed towards poppet type valves and

in particular, start valves.

Six methods of relating the various resistance parameters and the

flow capacity of any given valve configuration are presented. The re-

sulting flow coefficients serve the important function of providing com-

parison factors for the evaluation of different valve geometries under

similar flow conditions. Other factors affecting the selection and the

design of valves, i.e., fluid effects, poppet stroke, sealing and control

element, configuration, contamination, actuation methods, response time,

pressure effects and valve housing, are discussed briefly.

Fluid Effects

Compatibility of the fluid with materials of valve construction is

one of the foremost considerations in valve selection. In some cases a

certain amount of material degradation can be tolerated provided that it

does not contribute to contamination of the fluid, or malfunction of the

valve. This applies only to non-critical areas and not the important

critical area in the sealing element. The sealing element should be com-

pletely impervious to the fluid media.

The state of the fluid, liquid or gas, influences the size of the flow

passageways and imposes different requirements on the seal element design.

High velocity gas flow can cause seal damage by erosion.

Often fluids other than the principal fluid are employed during

cleaning or evaluation tests. Careful selection of these fluids is re-

quired to prevent degrading effects and should be purged hnmediately after

use.



Pressure Drop and Flow Capacity

The flow capacity of a valve is a predetermined rate of fluid flow

which must pass through the valve with a given loss in energy. Pressure

drop is a measure of the energy loss due to the resistance to flow within

the valve. The resistance to flow is produced by the size, shape, rough-

ness and length of the flow passageway within the valve. Additionally,

resistance to flow is produced within the fluid itself, attributed to

shear stresses, and related to the viscosity of the fluid. Hence, the flow

capacity, pressure drop and resistance to flow are all interrelated.

Six methods of relating these parameters together have been developed

yielding a coefficient or an equivalent orifice area and are presented

below. The purpose of each method is to arrive at a single descriptor for

the flow resistance of a valve.

(I) Discharge coefficient, C , which is an adaptation

of the sharp edged orifice equation for imcom-

pressible flow.

where

Q = CDA ° _ _y

Q = volumetric flowrate

CD= discharge coefficient

A = throat or minimum flow area
O

g = gravitational constant

_p= pressure drop across the valve

Y = specific weight of the fluid

The application of this expression requires

the insertion of experimental flow data and the

discharge coefficient is calculated. This co-

efficient reduces the total losses in a valve to

that of an equivalent orifice area.

(2) A flow coefficient, Cv, which is an experimentally
determined measure of the volumetric flowrate in

gallons per minute of water that will flow through

a valve with a pressure drop, Ap, of I psi across

the valve.

D

-S- 9 -



where

s = specific gravity of the liquid

(3) Equivalent orifice area, A . In this case a
• O

dlscharge coefficient C D is assumed and the
relationship between variables is the same ss

Method (i).

q = CDAo

A discharge coefficient value of 0.60 is

often assumed and is based upon a typical value

for a sharp edged orifice.

(4) A resistance coefficient, K, which relates the

pressure drop to the velocity head.

where

V = fluid velocity based on some

nominal flow path area within the

valve. The inlet or exhaust port

areas are usual choices.

When the port areas are selected, the co-

efficient K can be related to an equivalent

length of pipe or tubing by the relationship:

L V2

_P= fD Y2g

where

f = Darcy friction factor for pipe flow

L = equivalent pipe length

(5) National Bureau of Standards flow factor, F, a

measure of gas flow through valves and orifices

defined as the ratio of air flow in standard

cubic feet per minute to the upstream pL-essure

in psia when

P2/PI = 0.5 or



F = _(max)

P1

F = flow factor SCFM/psia

Q(max) = air flow in SCFM e P2/PI = 0.5

P1 = upstream pressure

P2 = downstream pressure

(6) A discharge coefficient C based on the assumption

of unchoked isentropic fl_w where the mass rate of

flow is given:

o z - (1!) k |
Wt : A _ Pl )'I PI] P1 ],

and the overall discharge coefficient is defined as:

W
a

C --
w W

t

where

W = theoretical isentropic weight of flow
t

W = actual weight rate of flow
a

k = ratio of specific heats

When the flow becomes choked, the theoretical flow-

rate is given:

W t A ° kg 2= Pl Yl

Additional details on each of the preceding methods are described in

Reference 6. Each of the preceding methods of relating variables possess

limitations from the standpoint of useful criteria for valve selection.

Even the relationships for incompressible flow yield coefficients which

are dependent upon Reynolds number. The compressible relationships are

further influenced by >_ch number and not easily defined contraction and

expansion losses.

- 5-71-
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Although much has been done to standardize flow tests and incorporate

correction coefficients, a problem of test procedures still exists. These

problems are associated with the location and type of pressure measuring

taps and size of connections leading to and from the valve. The recommended

criteria for valve selection should be based on actual experimental data

in the graphical form of _p versus Q for incompressible flow or

Wa_2gkRTlk-I

P2

versus _- for compressible flow
i

where

R = gas constant

P1 = upstream stagnation pressure

T I = upstream stagnation temperature

The preceding experimental data permits the designer to evaluate a valve

design under other possible flow conditions particularly when a gas other

than the operational gas is used in the performance evaluation test.

The various flow coefficients, however, do have an important function

in that they can serve as comparison factors between specific valve geome-

tries when evaluated under similar circumstances. Preferably, these cir-

cumstances should be limited to incompressible flow. A typical comparative

relationship is shown in Figure XI-3-1 where C is related to valve sizev

and valve configuration.

ii
/ I

i
wmm¢l,,_L _,_LVl wQ. i_lcMIs

Fi_. Xl-3-1 Approximate Values of C Versus

Valve Diameter (Ref. 6) v
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From a valve design standpoint, the prediction of pressure drop or

energy loss characteristics in a valve is difficult. Some theoretical

attempts can be made by assuming orifice shapes, changes in section, etc.;

however, the results usually yield a poor approximation. Thus, the de-

signer must often be guided by past experimental performance and by the

application of scaling relationships can often improve the performance

prediction.

In general, when minimum energy losses or maximum flow capacity are

required in a particular valve, the valve should possess a full-open flow

path from inlet to outlet without any change in direction of flow with

minimum wall roughness and change in shape. Some valves such as the ball,

rotary plug, gate and blade valves inherently possesses these character-

istics. Other valves whose configuration make the preceding requirements

impossible should have a minimum of changes in direction of the flow and

gradual changes in flow passage areas.

The two principal factors influencing the resistance to flow can be

specifically identified as the shape of the control element, the size of

the sealing element, and the relative displacement of the control to seal-

ing element.

Poppet Stroke

The maximum flow capacity of a valve may be determined by the seal

diameter or the distance the poppet moves from the seat. In the latter

case, the configuration of the control element and seat determine the

general flow characteristics of the valve. As the poppet moves off its

seat, flow characteristics of various types can be obtained by varying

the minimum flow area-stroke relationships. Common flow characteristics

are linear, modified linear, equal percentage, and square root. Figure

XI-3-2 shows typical characteristics which can be obtained. In general,

almost any characteristic shape can be obtained above the square root or

quick-opening configuration. It should be noted that the preceding stroke

area modifications can be introduced into other control element configura-

tions.

-5- 73-



Quick opening characteristics can be obtained with flat poppets

while other characteristics can be achieved with various types of conical

poppets.

_0 20 40 _ _ I_

_RCENT OF FULL FLOW

Fig. XI-3-2 A Comparison of Control

Valve Flow Characteristics

(Ref. 6)

Figure XI-3-3 represents the stroke to orifice diameter ratio for a

conical poppet at various cone angles. The curve is valid if a perpen-

dicular line can be drawn from the poppet cone to and intersecting the

outer edge of the seat contact face. As the cone half angle @ is in-

creased, the stroke required to form the effectlve orifice area is re-

duced. However, for half angles above 45 °, small reductions in stroke

per degree increase of poppet angle is evident. The limiting maximum is

90 ° (flat poppet) where the stroke is equal to 25% of the seat hole

diameter. For this condition, the seat usually consists of a thin raised

shoulder which increases the turning losses during flow. For metal-to-

metal contact seats and poppets, surfaces must be lapped for a low leakage

fit. In general, it is more difficult to lap surfaces with the very low

cone angles. Solenoids exhibit a characteristic decreasing of actuating

force with increasing stroke. As cone half angle is decreased, solenoid

design may become critical, particularly for direct action solenoid valves.
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)

a)

!

Z

0

60

50

40

30

20

I0

0

I L

= O. 25 at @ = 90 °

I I

2 3 4

STROKE/ORIFICE DIAMETER, L/D
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Furthermore, there is a tendency to "wedge" on closing when a shallow

half angle is used. For these reasons, conical poppets of half angles

from 30 to 45 ° are often preferred.

The flat (0 = 90 ° ) poppet requires minimum stroke. When a spherical

poppet surface is used, the stroke is dependent on the spherical radius

and the seat bore diameter. Normally, the stroke requirement is less

than that of the 45 ° half angle conical poppet and the stroke is decreased

as the spherical radius is increased.

Sealing and Control Element Configuration

Recognizing that pressurization systems for most spacecraft applica-

tions require small valves, the present discussion is limited to the

poppet design. The actual poppet configurations can be a multitude of

shapes for any particular application. Each design has its advantages

and disadvantages in leakage control, manufacturing, and flow performance.

X_-_-_ relatesTable XI-3-! lists _= primary I....................... s shown in Figure and

the configuration defining variables to common combinations of seats and

poppets.

The sealing reliability of poppets and seats has resulted in the use

of this control element in some of the most demanding applications where

no other valve has proven satisfactory. The effectiveness, however, is

dependent upon the seat and poppet configuration and the materials forming

the sealing element. To proceed objectively in discussing the merits of

each configuration, the materials of seat construction must form the basic

=onsideration. The general guidelines for minimum leakage material selec-

tion were stated in order of preference in Section XI-2, as elastomers,

plastics and metals. In each poppet configuration the combination of

possible materials is as follows.

(I) Hard poppet on soft seat

(2) Soft poppet on hard seat

(3) Hard poppet on hard seat

(4) Soft poppet on soft seat

-5-7&-
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Fig. XI-3-4 Typical Pilot Operated Valves (Ref. 9)

The choice of material selection can be narrowed by relegating soft-on-

soft and soft-on-hard seats to low pressure and flow applications. At higher

pressures composite seals are usually employed consisting of metal-to-metal

seat contact combined with the soft material serving as the actual sealing

element. The most common method of sealing is a hard poppet mated against

a soft seat. Among the materials used for soft seats or poppets are Teflon,

KeI-F, Nylon, Mylar and elastomers such as Buna N, Viton, and Silicone.

Figures XI-3-5, XI-3-6, XI-3-7 and XI-3-8 show typical applications of soft

seats in flat, conical and spherical hard poppet designs. These were ob-

tained from Rocketdyne, Reference 5.

It is interesting to note that the soft sealing element can be placed

in either the seat or the poppet. However, it is much easier to produce

fine finish metallic sealing surfaces on a removable part such as the poppet

rather than deep within the valve housing.

Pitfalls which must be guarded against when designing for soft seals

include seal blow out and cold flow. Elastomeric seals exposed to high

velocity gas flow are particularly susceptible to blow out. Minimizing



exposure of the seal to the fluid stream aids in avoiding this problem.

Cold flow is minimized by confining the seal particularly in the loaded

condition.

The recent use of highly reactive rocket propellants such as fluorine,

and requirements for controlling the flow of hot gases have resulted in in-

creased interest in the metal-to-metal seat poppet valves for aerospace

applications. Typical of the hard materials used for seats and poppets are

44OC stainless steel, stellites, and carbides. Hard metal seats and poppets

have been used in aircraft hydraulic systems for many years, but usually

with relatively high permissible leak rates of comparatively viscous hy-

draulic flu{d. Four applications of metal to metal seats and poppets are

shown in Figures XI-3-9, XI-3-10, XI-3-11, and XI-3-12 (Reference 5). To

date hard-to-hard seat-poppet combinations have been limited to relatively

small sizes largely because of difficulty in meeting stringent leakage

requirements. The most promising seat-poppet configuration is the flat

plate or disc mated against a flat seat surface. (This configuration is

suggested because the interface surfaces can be finished to produce a

roughness and waviness of less than 1 microinch and easily inspected). The

degree of finish is well below that achievable on cylindrical, spherical,

or conical surfaces. These surfaces however, are susceptible to contam-

inants and ice formation.

It is preferable to have minimum shift in the elemental contact of

any valve sealing element. This rotational restraint is necessary to pro-

vide the proper alignment of the mating surfaces and a continuous contact

of the same sealing areas. A metal bellows can be used to provide this

function. On the other hand, the sealing element can also be completely

self aligning as demonstrated in the flexure support, solenoid valve shown

in Figure XI-3-13.

Contamination

Since no system is completely free of particulate contamination,

valves themselves being contamination generators, sensitivity of a valving

element to contamination is an important consideration in valve design.

Contamination can lodge between the seal faces, thus (I) creating a leak

)
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Fig. XI-3-13 Self Aligning Bi Polar Solenoid Valve, (Courtesy

Parker Aircraft Company, Drawing 92003)



path (although the particles maybe crushed in the interfaces, they may

deform the valve seat as it is mated with the valving element) and (2)

depending upon the size and hardness of the contaminant, may permanently

scratch or deform the valving element or seat, reducing the valve's

further usefulness as a sealing device. The damagesusceptibility of hard

seats to particulate contamination is acknowledgedby most valve manu-

facturers and is cause for concern. Wherepressure drop limitations permit,

manymanufacturers of small valves incorporate filters at the inlet port to

screen out particulate matter. Others tend to de-emphasize the contamination

problem by claiming the probability of a particle of sufficient size to

cause failure by lodging itself on a seat land at the time of closure is

low. Narrow seats mayminimize contamination probability and increase

crushing stresses on those particles which are trapped. On the other h_nd,

wide seats minimize the effect of pits in the seat or poppet faces result-

ing from contamination or corrosion. The damagesusceptibility of soft

seats or seals depends greatly on the resiliency of the nonmetal used.

With elastomeric seal materials, the contaminant can be pressed locally

into the valve seat during closure without plastically deforming the seal.

However, a continual subjection to such treatment may cause seat fretting

and feathering. If the nonmetallic seat is relatively hard the size of the

contaminant which can be impressed is diminished, and at the same time the

material may becomescratched or nicked, creating a leak path.

The formation of ice on the valving unit surfaces of cryogenic valves
maybe treated as a form of contamination. Such ice formations have been

the source of numerousproblems with practically all types of cryogenic

propellant valves, including:

(I) Interference and adhesive action at the valve
seat which prevents va|ve opening, especially
with butterfly valving units

(2) Ice formation on the seat or valving element
while the valve is open, preventing seating
whenvalve is closed

(3) Damageto lip or other soft seals when the
seal slides over ice formed on the valve body
or valving element, especially in sleeve valve

designs.
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Actuation Methods

The most common method of pressurization system valve actuation is

the use of the solenoid although manual override features may be employed.

The forces which must be overcome by the solenoid have been described in

Section Xl-2. These forces were attributed to pressure, flow, and fric-

tional forces. The factors defining the static forces acting on the

poppet in the closed position include:

(I) Seat land diameter and width

(2) Pressure differential across valve

(3) External force either seating the poppet

or tending to open it

The forces acting on a poppet after lifting off the seat are somewhat more

complex and depend upon:

(I) Poppet configuration

(2) Seat configuration

(3) Housing configuration in immediate vicinity

(4) Seat land width

(5) Pressure differential across valve (magnitude

and direction)

(6) =' "_ properties i_^_._......... = ..... y, viscosity)

(7) Port diameter

(8) Stroke

The curves presented in Figure XI-3-14 (Ref. 6) show fluid flow forces as

a function of stroke for conical, spherical, and flat poppet valvlng units

with flow in either direction. Unlike rotary-element or gate-type valving

units, poppet valving units have no clearly defined limit of stroke, for it

is possible that the poppet may be translated so far away from the seat that

any further motion will have absolutely no effect upon flow through the port.

Solenoids

A solenoid must be designed so that it will provide the required oper-

ating force when the coil is at its maximum operating temperature. Assum-

ing that the solenoid is normally deenergized when the valve is in the

closed condition, the forces which the solenoid must overcome in opening

the valve must be equal to the forces required to close the valve. In the



general case these forces can be tabulated:

Forces required to open valve:

(I) acceleration (response time)

(2) friction (fluid and rubbing)

(3) energy storage device (i.e. a spring)

(4) fluid pressure and displacement effects

Forces required to close valve:

(I) acceleration (response time)

(2) friction (fluid and rubbing)
(3) flow induced forces

(4) fluid pressure and displacement effects

(5) seating loads

The force-stroke (flux gap) characteristics of a solenoid armature

are interrelated with the current, rate of change of current, coil wind-

ings, flux losses, and materials. The interrelationship between all of

these variables are non-linear and quite complex. Most often past ex-

perience serves as the most important design criteria. An insight into

solenoid construction, design criteria, and theory can be obtained from

Reference 7.

Temperature effects impose the greatest limitations on solenoid per-

formance. The coil temperature is somewhat higher than the maximum ex-

ternal environment temperature because of the heat generated by the coil

itself. Consequently, the ambient environment and cycle of operation are

necessary input information in solenoid design. High temperature coils

over 8OO°F have been designed with special insulating material. These

materials, however, have adverse effects resulting in increased weight

due to decreased flux density.

When the solenoid is subjected to low environmental temperatures, or

is deenergized for an extended period, the coil temperature will be con-

siderably below th_ maximum. The resistance of copper wire decreases as

the wire temperature is decreased and is almost zero at -423°F. To pre-

vent a direct current coil from drawing excessive current at reduced coil

temp_ratures a short winding of constantan wire is often used in series

with tht_ copper. There is a trade-off between the degree of temperature

compensation and coil weight.

-
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The alternating current coil has an inherent temperature compensating

feature. The impedence of the alternating current coil is the resultant

of the ohmic resistance of the wire and the inductive reactance of the

coil. The inductive reactance is usually dominant and is the result of

the physical arrangement of the coil and is little influenced by tempera-

ture changes. The netresult is that the alternating coll impedance does

not change significantly within the usual range of operating temperature

and no temperature compensation is required. This makes the alternating

current coil preferable for operation in environmental temperature ex-

tremes where alternating current is available.

Response Time

The total valve response time is the sum of the response time of the

actuator and control element. The factors influential in valve response

are :

(I) Mass of moving parts

(2) Friction

(3) Unbalanced pressure forces

(4) Dynamic fluid forces

(5) Friction forces

(6) Displacement of fluid

Response times less than 5 milliseconds are possible if large actu-

ating forces are available. A trade-off, however, may be necessary to

preserve the sealing element from impact degradation in the form of ex-

trusion (elastomers and plastics) and fretting corrosion (metals).

When fast response is required, significant electrical power drain

can occur while the valve is being held open. A latching mechanism can

be employed such as an over center bellville spring in a modified version

of the valve shown in Figure XI-3-13.

Pressure Effects

A valve housing must be capable of withstanding the maximum operating

pressure to which it will be subjected. Flow transients can cause line

pressure to rise several times in excess of normal operating pressure. In

cases where critical tolerances exist, care must be taken to assure that



the resulting pressure deformation does not alter the tolerances to a

degree that would affect operation. If the valve is subjected to many

cycles of pressure application, consideration must be given to possible

fatigue failure.

Since valve housing and control elements are usually complex, a

theoretical stress analysis is usually accomplished by gross simplifica-

tions. Consequently, the prediction of maximumoperating pressure is

often a poor estimate. The final quallficatlon must be generated by burst

tests. Oncea burst pressure rating has been established, a lower value

non-destructive proof pressure test can be devised. The range between

maximumoperating, proof and burst pressures depends uponwhether the

system is man-rated and the degree to which a weight saving can be evolved

without sacrificing performance such as that attributed =o deformation of
critical areas.

HousinK Construction

The valve housing may be composed of a lightweight material with

special inserts for the sealing elements. The actual sealing surface

should be relatively independent of the body from the standpoint of pres-

sure and thermal distortion. Connections to the valve may be threaded,

brazed, or welded. These connections should not influence the critical

tolerance areas of the valve or impede the flow of fluid. The connections

can be inline or at 90 ° depending on the control element design.

)



Xl-4 TYPES OF VALVES

Start Valves

The term "start" is used in pressurization systems although the class

of valves under consideration can be more adequately described as "shut

off" valves. The term shut-off applies to a class of valves which contain

a control element that is normally open or closed. The element does not

assume an quasi-steady intermediate position and, therefore, does not pro-

vide a flow or pressure modulating function. The basic elements of a start

valve include (I) a housing with provisions for inlet, exit and auxilliary

flow connections, (2) a control element, (3) a seal element(s) and (4) a

means of actuation for the control element.

The design optimization of a start valve requires trade-offs between

leakage, and sealing loads, flow capacity, actuation force, response, size,

=L_u--_weight. T=_ L_age.....is the principal criterion, the optimum seal ele-

ment configuration is the unbalanced poppet type valve (see Section XI-2).

Generally for small valve seat areas, less than 1 inch diameter, the un-

balanced poppet type valve is compatible with the actuation forces of the

magnitude produced by solenoids. When larger valves are required, pilot

operated designs can be considered such as those shown in Figure XI-3-4.

In each case a smaller pilot is used to operate an unbalanced main valve.

When even larger valves are required, other control element designs can be

considered.

The actuators for start valves may be solenoids, handwheels, levers,

motors, and pneumatic or hydraulic diaphragms or pistons. The final choice

is dependent upon:

(1) the valve size

(2) power available

(3) response

(4) remote operation requirements

(5) available space

(6) weight

(7) forces required to move and seat the

control element



While each of these factors are considered in this Part, a distinction

is made between the general class of valve actuators and the explosive or

propellant actuated valves which are discussed separately.

Other design and selection parameters include:

(I) the fluid media

(2) pressure drop and flow capacity

(3) operating temperature and pressure

(4) sealing element

(5) control element

(6) leakage

These parameters are considered in Section Xl-3 although a detailed

discussion on control elements, seal elements, and leakage is presented in

Section X-2. Hence, the latter parameters are reconsidered solely from

an optimization viewpoint.

Fill and Vent Valves

Fill and vent valves may assume numerous configurations with respect

to type of valve used and method of connecting and disconnecting. In the

simplest case wherein a man-rated tank is to be filled to a low pressure,

the valve can be of almost any type of manual shutoff. For added insurance

against leakage, a secondary closure, such as a cap, can be attached and

locked in place. As the requirements become more rigorous, fill valves

become more complex. High pressures and toxic, corrosive, or cryogenic

fluids must be transferred by more elaborate couplings which may include

requirements for remote operation, balanced valve element design, and very

low spillage upon engagement or disengagement.

Disconnects are required to meet extremely stringent leakage require-

ments because of the necessity of preventing pressurant or propellant loss

and the need to avoidhazards to personnel that might result from spillage

or leakage. Soft seats are used in these valves almost exclusively in

order to meet these requirements. Polymers can be used with many fluids

but not with fluorine and fluorine vapors. All metal construction is re-

quired for the fluorines.



Other problems that exist for disconnects include that of the effects

of sterilization temperature on soft seats in contact with propellants. It

is considered very possible that the combination of high temperatures for

long periods of time (36 hours) and propellant contact would degrade elas-

tomeric materials used as seals or seats. As the disconnect port in a

spacecraft subsystem is exposed to the vacuum of space, sublimation of the

material occurs to some degree, and radiation effects could degrade the

polymers if the dosage became sufficiently high. A secondary seal upstream

of the disconnect such as a cap or a soldered closure can be used to help

prevent fluid contamination. It should be noted that some pressurizations

systems have been sealed by crimping and welding the fill tubing.

The selection of pressurant fill and drain components is dependent on

the contractors past experience and system sealing requirements for such

areas as the auxiliary ground equipment-spacecraft interface and for such

considerations as ground abort and personnel safety. Once the vessel is

filled and the disconnect is released, the airborne connection on a space-

craft should be securely capped to minimize high pressure fluid leakage

during the mission life of the vehicle. To insure a leak tight seal,

brazing or welding of the cap and tube may be required. The use of non-

metallic sealers is limited because the combination of a vacuum environ-

ment and high material vapor pressure results in sealant evaporation.

Closure of the disconnect may require that personnel work around high pres-

sure lines. The overall hazard can be minimized by keeping manual opera-

tions short. This can be accomplished by remote actuation of the disconnect

and valves. The latter applies particularly to conditions where a corrosive

gas such as OF 2 is used as a pressurant. In such a case, safety considera-

tions necessitate special fill and drain operations even when protective

clothing and self-contained breathing systems are used.

Deactivation of a pressurized system after mission abort may be accom-

plished through the fill disconnect, provided gravity expulsion of the main

propellants or pressurization of the propellants from a ground source is

permitted. The former technique is preferred for spacecraft where the



pressurization system controls and any positive expulsion devices will be

intact after fluid drainage. Another approach to fluid drainage is the use

of an explosively actuated jettison valve.

A simple fill and vent valve can be composed of a hard spherical ball

pressed into a relatively hard seat. Relative displacement of the sealing

elements should be avoided to prevent the generation of contamination. Two

typical valves are shown in Figure XI-4-1.

/ i r

Fig. XI-4-1 Simple Fill and Vent Valves

Since closure is produced manually on theground, the seating load

applied can be varied according to the number of times the valve is oper-

ated. In addition, leak checks can be readily accomplished.

Quick disconnect couplings are used when frequent repairs, rapid

connecting and disconnecting to ground vents are necessary, and when remote

breakaway features are desirable. The parameters of importance are self-

sealing features, air inclusion and fluid loss and pressure drop.

Based on system requirements, self-seallng of both ends of the dis-

connected llne may be mandatory, required for one end only, or may be un-

necessary for either disconnected end. When the requirement is established,

the field of coupling configurations is narrowed to a few types, differing

principally in the valve arrangement. The air inclusion and fluid loss



characteristics apply only to self-sealing, double valved couplings where

a discrete volume of air is trapped within the coupling during connecting,

and an equivalent volume of fluid is lost during disconnecting. This re-
sults in air being forced into the system and fluid being lost during

coupling. Additional fluid is lost in disconnecting due to leakage past

the valves during closing. The quantity of fluid lost will depend upon

such factors as the fluid properties, fluid temperature, fluid pressure,

valve closure rate, wear, and valve seal design. This additional leakage

can be determined accurately by test, and must be added to the trapped
volume to determine the total fluid loss.

The pressure drop across a quick-disconnect coupling is determined by

the shape of the flow path through the coupling, the fluid flow rate, and
the fluid properties. The flow-path differs markedly between the various

types of valve designs. Typical designs are shownin Figure XI-4-2.

/ACTIVATING RING LOCKING BAI,L

_ .

L

Fig. XI-4-2 Typical Quick-Disconnect Couplings
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The system pressure dictates the coupling's strength requirement,

which is a function of the yield strength and thickness of the stressed

materials. The material thicknesses in turn affects the coupling weight,

pressure drop and size. The material chosen is of such strength that the

thicknesses of the stressed parts do not result in excessive weight, re-

stricted flow causing excessive pressure drop, or excessive space. This

is significant in that an unrealistic restriction on weight, size, or

pressure drop will result in unwarranted compromising of the other factors

and/or the body material.

Locking devices have two functions to perform: to lock the plug and

Socket together, and to hold the coupling valves open. The strength Of

the locking device is determined by the type of locking materials and the

size and number of locking balls, threads, fingers, pins or other devices

incorporated within the socket which mate with a locking groove or slot in

the plug. In selecting a locking device, other factors which are to be

considered are number of required operating cycles while pressurized and

depressurized, mode of locking and unlocking, forces required to connect

and disconnect, and space allowed for actuation of the locking device.

Consideration should also be given to remote disconnection using pneumatics,

squibs, or lanyards.

)

Relief Valves

A relief valve is a device which opens at a predetermined pressure

and vents fluid from a chamber until the pressure is below the opening

pressure. Essentially, a relief valve functions as a safety device limit-

ing the maximum pressure in a pressurization system to a level below that

required to cause system component failure. In the course of its operation,

it does expel fluid from the pressurization system and consequently re-

duces the system performance and efficiency.

If a system is designed for optimum mission performance, pressures

above safe limits theoretically cannot occur. Hence, in some instances

relief valves are unnecessary. The guidelines which determine when a

relief valve is necessary in a system can be summarized.
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When required

(I) On man rated systems where all conditions of the mission are

not known. For example, radiation or other heat generation

effects can increase the pressure within the pressure vessels.

The fluid lost may be excess fluid deliberately stored or it

may result in an aborted mission.

(2) On non-man rated systems where excess fluid can be stored

without compromising mission requirements.

When not required

On non-man rated one way voyages where weight efficiency must

be a maximum,

To achieve minimum losses of fluid, a relief valve must open and close

almost at the same pressure and simultaneously not leak at pressures below

the maximum pressure. Typical characteristics of a satisfactory valve

would exhibit little hysteresis effects. Figure XI-4-3 shows a so-called

regulation curve where the operating pressure at rated flow are close to

the cracking and reseat pressures.

!Cracklng Pressure _-----Ok

______ _--__--_---_--_----_-
.... Rated_- Flow

Closing (Reseat) Pressure

FLOW

Fig. XI-4-3 Pressure Flow Characteristics of a

Relief Valve

A typical value of cracking pressure is 110% of maximum operating pressure.

The reseat pressure can approach 97% of the cracking pressure depending

upon the design.



A relief valve consists of a valve body, a valve element, and a

reference load. The reference load is coupled to the valve element and

opposes the effects of fluid pressure. The reference load is usually a

spring or spring-llke device.

Direct Operated Relief Valves

Direct operated relief valves can be subclassed as seat load sensi-

tive and non-sensitive. Each of these types is considered separately.

Seat Load Sensitive Valves

The most common type of relief valve is the simple ball poppet valve

as shown in Figure XI-4-4. Increasing fluid pressure acting on the pro-

jected area of the poppet decreases the seating load. This reduction in

load produces an increase in leakage which is particularly detrimental

when one considers that virtually no seating load exists at maximum oper-

ating pressure. Additionally, vibratory forces can easily unseat the

poppet. Other poppet types are shown in Figures XI-4-5, XI-4-6, and

XI-4-7. The leakage past the valve element shown in Figure XI-2-14 is

controlled by close clearances, which for minimum leakage pressurization

systems must be held unrealistically small. The valve shown in Figure

XI-4-7 contains a "V" seat closure which produces pop-open effects when

fluid flows through the seat. This is produced by a change in momentum of

the fluid which opposes the spring and causes the valve seat opening flew

area to increase rapidly. This performance is also achieved by using

bellville springs. This valve usually possesses poor opening-reseat to

pressure characteristics.

Seat Load Non-Sensitive Valves

The inverted relief valve valve depicted in Figure XI-4-8 is designed

to minimize undesirable vibratory response through the application of rel-

atively high seat loads at normal operating tank pressures. A force is

exerted by the poppet against the seat due to the applied pressure and

spring loads. As the pressure increases, both the seat and poppet are
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Fig. XI-4-5 Conical
Poppet Valve
(Ref. 6)

Fig. XI-4-4 Ball Poppet Valve (Ref. 6)

Fig. XI-4-6 Sleeve Type

Poppet Valve

(Ref. 6)
"V" Seal Valve to Provide

Snap Open Characteristics

(Ref. 6)



displaced equal amounts until a llp or shoulder on the poppet is inter-

cepted by a stop. At this point, the pressure force on the poppet is

transferred to the stop and a finite increase in pressure, equivalent to

this transferred load, must be exerted on the piston to llft the seat off

the poppet. High seating forces are maintained during normal operating

tank pressures if interception of the poppet occurs at a slightly greater

pressure. However, to keep the required increase in pressure relatively

small, the annular piston area must be relatively large comparedto the

port area. In addition, the piston requires a dynamic seal which may in-

troduce undesirable friction forces and gas leakage.

Another concept shown in Figure XI-4-9 employs an integral spring and

diaphragm which is well suited for relief applications in which small diff-
erences between cracking and reseat pressures are desired. Becauseof the
non-linear characteristics of the inverted cone end, changes in relief

pressure with flow capacity are substantially smaller than those incurred

with comparable helical springs. The absence of dynamic seals and assoc-

iated hysteresis results in very small differences between cracking and

reseat pressures. Bell (Ref. 3 ) reported a reseat pressure 1 psi below

a cracking pressure of 250 psi.

Pilot Operated Relief Valves

As the capacity requirements for direct-acting relief valves become

large the leakage through seat load sensitive valves becomes intolerable.

To overcome this deficiency, an unbalanced main valve is operated by a

pilot valve.

A pilot valve of the type shown in Figure XI-4-10 vents a cavity

above the main valve at a maximum pressure. This negatively unbalances

the main valve and permits fluid pressure to open the valve. The greater

the initial positive unbalance force, however, the greater variation be-

tween opening and reseat pressures. When the main valve element is bal-

anced, it is subject to vibratory forces. To overcome this deficiency a

pilot operated, non-seat load sensitive main valve can be used, as shown

in Figure XI-4-11, in conjunction with a non-seat load sensitive pilot

-0 7-
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valve. The opening and closing response rates are slower than a comparable

direct-operated valve.

A desirable characteristic in any relief valve for pressurization

systems is to open and close as rapidly as possible such as might be

achieved by snap open valves. To date, snap action valves have demonstrated

poor opening and reseat characteristics.

Chattering is a common characteristic of many relief valves and can be

controlled by:

(I) Having a small sealing seat compared to the control

area. This reduces the net effects of flow induced

forces on the valve elements.

(2) Inclusion of a dashpot or other damping devices on

the valve element.

(3) Use of a pilot operated valve which inherently in-

creases the time constant of the main valve element.

)

Check Valve

The primary function of a check valve is to prevent flow reversal.

Check valves pass fluid freely in one direction and, if pressure reverses,

close quickly to stop flow in the other direction. Flow reversal in fluid

systems may be programmed as a normal occurrence or may be caused by

accidental occurrences or failures. Accidental flow reversal must be prompt-

ly and effectively halted or reservoirs may overflow, tanks may be over-

pressurized, reactive fluids may combine, rotating equipment may overspeed,

or other types of equipment damage may occur.

Check valves are entirely automatic in their operation and require no

external actuation signals or sources of power. Their valving elements are

activated by the forces of the flowing media. Valving elements of check

valves are either spring-loaded closed or gravity closed. The spring-loaded

type is the only one of significant interest in aerospace applications, due

to the uncertainty of vehicle attitude or of the existence of gravitational

forces.

Check valves are the simplest of valve types. However, in spite of

their simplicity, they are often one of the most troublesome components in



a fluid system. Having no actuators, check valves often lack sufficient

seating force to accomplish a good seal. Most check valve designs are a

compromisebetween good sealing and low pressure drop. In aerospace fluid

systems, it is usually desirable to minimize pressure drop across the valve

as a function of flow rate. The comparative pressure drop characteristics

for several types of check valves are shownin Figure XI-4-12. When

specifying the pressure drop of the check valve, it is important that the

actual operating conditions of flow rate, pressure, temperature, and flow

medium are accurately stated.

o

_D

_o
o0

BALL

CONE

PPE

FLOW

Fig. XI-4-12 Typical Check Valve Pressure Drop Curves

The sealing characteristics of the check valve are dependent upon the

seal material, initial spring-loading, and differential pressure across the

closure element. When pressure reversal occurs, the check valve will leak

until the back pressure becomes high enough to provide an adequate seating

force. The requirement for zero leakage at zero or very low reversal

pressure necessitates the use of higher initial spring load, which will

result in higher pressure drops through the valve in the forward flow

direction. The use of resilient seat materials wherever possible will aid

in achieving minimum leakage at low seat loadings.
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Cracking pressure is defined as the forward differential pressure

which is required to pass some specified minimum flow rate. Reseat pres-

sure is that reverse differential pressure required to reduce leakage to

some minimum specified value. With sufficient spring-loading and proper

seat characteristics, the reseating pressure can be zero. Both the crack-

ing and reseating pressure characteristics of the valve are related to the

pressure drop and leakage characteristics.

The most significant consideration for operating pressure is that the

valve housing must be designed for the maximum pressure to which it may be

subjected. The possibility of rapid valve closure causing water hammer

must be taken into consideration, in that it may cause a pressure rise

several times the normal operating pressure. A maximum differential pres-

sure in the reverse direction must be considered in the design of the valve

closure and seals to prevent fracture of closure and extrusion of seals.

If the valve may be subjected to a large number of pressure cycles, con-

sideration must be given to the possibility of fatigue failure.

Other pertinent selection factors are sealing element, operating tem-

perature, flow media, and contamination sensitivity. These aspects are

considered in Sections XI-2 and XI-3 and are applicable to check valves.

A typical check valve is shown in Figure XI-4-13.

Fig. XI-4-13 Typical Ball Check Valve (Ref. 6)
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Explosive Valves

Explosive or squib valves are one time' quick open or close elements

which are activated by extremely compact energy sources. These valves are

actuated by the sudden conversion of potential chemical energy into mechan-

ical energy. The chemical energy can be released either by deflagration

(fast burning), or detonation (the propagation of a shock wave through a

high explosive).

In the case of deflagration, work is done by the high pressure of the

hot explosive gases acting on a piston. A typical chamber pressure versus

time record is shown in Figure XI-4-14. Pressure is contained in the

cylinder by one or two piston O-rings and backup rings. Some combustion

gas generally leaks past the rings, since the seal reaction time is not

sufficient to resist the initial pressure buildup. (The gas leakage is

usually insignificant to the performance of the valve). However, when

leakage does occur into the system, combustion product contaminant may

(and have been known to) adversely affect system operation. It is also

possible to use a deflagrating charge to driv_ an interference fit, but

extremely high pressures must be uu_-L'-ined. In '_,=.........._=== v_ detonation, the

momentum of the shock wave in the explosive is transferred to a piston,

equivalent to hitting the end of the piston a sharp blow. The use of a

detonating charge permits the piston to be an interference fit in the

cylinder. If extremely tlght contamination control is required, shock

waves from a detonating charge can pass through a permanent metal barrier

to actuate the piston.

In either case, a small amount of exp]osive is used. For example, a

typical 0.75 inch diameter, 4000 psi working pressure, normally-closed

valve uses 140 milligrams of propellant or about I/2Oth ounce. The ex-

plosive pressure in this valve is approximately 25,OOO psi.

A deflagrating charge used in an explosive valve generally consists

of small flake-like particles of powder similar tL, shotgun powder. A

typical design would consist of discs approximately O.O10 inch thick and

0.050 inch in diameter. This shape is usc_d to prL_sc,nt a large surface area



PEAK PRESSURE
AS HIG_ AS

60, 000 PSI

.... CLOSED BOM'g FWlRING

_,_'_" (NO PISTON MOVEMENT)

-- PRESSURE BUILD UP
i.001 1'O .0/51 LESS THAN .001 .SECOND

SECONDS

IGNITION DELAY

Fig. XI-4-14 Typical Pressure Versus Time Record

for an Explosive Actuator (Ref. 6)

to the advancing flame front, permitting rapid pressure buildup. A deton-

ating charge consists of a high explosive such as PETN or RDX, generally

compressed at high pressure to a solid cylindrical pellet.

Explosive Initiation

Explosion charges are generally initiated by the transfer of either

electrical or mechanical energy to a sensitive primer such as lead styph-

nate. Ignition may be started by striking the primer a sharp blow through

a metal barrier, like the firing pin of a gun, by abruptly'piercing the

primer container with a sharp probe, or by electrically heating the primer

through a bridgewire.

A deflagrating charge can be initiated directly by a primer, while a

detonating charge requires a booster to transform the primer output into a

detonation wave. A typical booster would be a lead azide pellet pressed

against the output charge.

Both detonating and deflagrating charges can be directly initiated

without the primer by using an exploding bridgewire. This method requires

a firing pulse of approximately 25,000 volts, as compared to a conventional

firing pulse of 5 volts. The extremely high potential first
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vaporizes the bridgewire, then discharges through the ionized particles

remaining in the path, creating an explosion which, in turn, ignites the

main charge. Ignition by the exploding brldgewire is extremely insensitive

to accidental firing, but requires a more complex firing circuit, resulting

in a heavier unit, than conventional electrical ignition systems.

Typical Explosise Cartridge

A typical explosive cartridge is shown in Figure XI-4-15. The charge

is electrically initiated, an electrical connector being integral with the

cartridge. The unit is hermetically sealed to protect the explosive charge

from moisture and damage. This cartridge is a specific example of a type

of cartridge common to explosive valves. Many variations are possible.

Some cartridges have wires leading from the bridgewire to the outside power

source instead of using an integral electrical connector; others use a

single ceramic or glass seal for the connector pins instead of individual

seals for each pin. Some use four pins, Lwo for each bridgewire, while

others have but a single bridgewire. Some have a ground pin in addition to

the power pins, while some explosive valves use no cartridge at all, instead

incorporating the charge directly into the body of the valve.

SHOCK AT11ENUATOI

PLUG

811100 Willie MIMEI / CERAMIC SEAL CONNIECTOII

INOUCTION $OL(_It SEAL

Fig. XI-4-15 Typical Explosive Cartridge (Courtesy

of Holex, Inc., Holllster, California)



The cartridge shown contains a nominal 188 milligrams of deflagrating

charge, sufficient to produce pressures up to 60,000 psi, depending In-

versely on the dead volume in the firing chamber.

Cartridges such as the one shown in Figure XI-4-15 can have a firing

current from I.O to 5.0 amps, and a firing time from O.OO1 to 0.020 second.

Cartridges with 5.0 amps firing current can be made to survive I.O watts

bridgewire power dissipation without igniting. Many cartridges of this

type have 2 bridgewires for reliability. Typical units are capable of

withstanding 3OO°F soak for 24 hours without deterioration.

The cartridge shown in Figure XI-4-15 weighs 0.03 pound, most of the

weight being in the stainless steel case. The electrical conductors, two

stainless steel connector pins, are locked into the case bY fused ceramic

seals. Fused glass seals can be used for low pressure cartridges. Fused

ceramic seals are capable of withstanding pressures of 60,000 psi. The

cartridge incorporates a plastic shock plug to attenuate the shock waves

generated by the explosive before they reach the ceramic seals. The ex-

plosive charge is contained in a thin metal shell which is induction solder

sealed to the cartridge body. The thin shell bursts when the explosive

fires. The cartridge incorporates two nylon pellets to lock the threads

against vibration, and is designed to accept a standard O-ring for sealing.

A normally open and a normally closed valve are shown in series in

Figure XI-4-16. Both valves use a wedge to shear the walls of the flow

passage. In each case, the valve provides an unobstructed flow path.

Other variations are available utilizing the various forms of sealing such

as the normally open tapered poppet shown in Figure XI-4-17.

A similar normally closed explosive valve is shown in Figure XI-4-18.

In small port sizes, usually less than one inch, squib valves are

directly actuated. As the size increases, piloting techniques become more

practical because of size of cartridge and heat generation. The pilot

section is a squib actuated device which in turn directs a high pressure

gas supply to operate the main valve or unlatch a spring device which, in

turn, opens or closes the main valve.

D
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EXPLOSIVE CARTRIDGE PISTON "|'_ _::."

BEFOI1E FIRING

AFTER FIRING

l

Fig. XI-4-17 Normally-Open Explosive Valve (Ref. 6)

..,o,.E_T°o,..o.I;;r--_.......

BEFORE FILING

J

Fig. XI-4-18 Normally-Closed Explosive Valve (Ref. 6)
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A parallel combination of valves such as shown in Figure XI-4-16 can

be used when multiple cycling is required. The response of the valve

varies from 2 to 25 ms depending upon the ignition system. The severity

of the opening and closing shock in the fluid system can cause problems.

Lower electrical power requirements are another feature of the ex-

plosive valve. A typical valve can be operated with a 25 watt supply

through a I ohm bridgewire. Consideration must be given to possible elec-

trical short circuits which could prevent other valves from functioning.

Additionally, the squib ignition system should be designed to prevent

accidental firing due to static electricity.

The size and weight of the valves are smaller and lower than conven-

tional valves. However, multiple cycle operation can quickly offset this

advantage. Reliability of even single cartridge explosive valves is ex-

tremely high, due partly to their mechanical simp1_city and partly to the

high reliability of all explosive cartridges. Redundant cartridges can be

used to actuate a valve where either extremely high reliability is required

or the expense of demonstrating required reliability with a single cartridge

would be excessive. These devices can function successfully at temperatures

ranging from -320°F to +250°F.

Other reliability factors which must be considered are contamination

due to products of combustion and metal particles fragmenting during firing.

Usually the combustion contaminants are contained within the explosive

chamber and are prevented from entering the fluid system by the seals at

the points of closure. A necking down of the flow passageway, such as shown

in the design of the valve in Figure XI-4-16 assists in producing precise

fractures with no contaminant generation. Finally, the nature of the valve

design requires substantial qualification testing since non-destructive

methods cannot be employed.
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XI-5 FILTERS

Introduction

As a protection against component malfunction, particularly of valve

seats, filtration of the fluid media is required. The process of filtra-

tion is one of separating particles from the fluid by mechanical, chemical,

magnetic, gravitational or electrostatic methods.

Particles are defined and measured by the largest dimension, which is

usually given in terms of microns. One micron is approximately equivalent

to 40 microinches. Filters are rated by two methods:

(I) an absolute basis where particles no larger _han

a given size can pass through

(2) a nominal rating corresponding to the ability of

the filter to remove 98 percent of incident

particles of a given size.

Both of these ratings are based on experiments using standard contaminates.

The nominal rating is determined by first adding a standard contaminant such

as glass beads or aluminum dust of a known quantity and size distribution to

the fluid. The ratio of particles larger than a given size in the fluid to

the quantity in the fluid is used to determine the nominal rating. The two

percent passing through may be of any size up to the maximum of the test

contaminant.

The capacity of a filter refers to the maximum weight of contaminant

which can be retained without exceeding a specified pressure drop. Other

factors of importance are the pressure drop at rated flow through a clean

element and the collapse pressure of the element due to clogging of the

filter.

The method of filtration pertinent to pressurization systems is the

mechanical method which employs such devices as woven_wound and sintered

wire mesh filters; disc or ribbon edge filters; sintered matel filters

and pressed paper and matted fibers filters.



Woven Wire Mesh (Figure XI-5-1

Tile wire mesh cloth filter (Figure XI-5-1) develops a square opening

pattern and presnets a straight-through opening. Twilled weaves are also

available, which present a straight-through opening to fluid flow. Since

there is no mechanical bond between points of intersection of the wire, the

cloth will distort under high mechanical stress and vibration, and pore

size will vary allowing particles to pass. This type of filter is suitable

for non-critical hydraulic, pneumatic, and propellant feed applications.

The filter will pass fibers and random large particles.

Wound Wire Mesh (Figure XI-5-2)

Cleanliness is difficult to attain in this type of filter due to con-

taminants wound into the cloth and the placement of the filter in the sys-

tem by means of welding. Migration of media is comparable to other sintered

cloth elements and will continue under dynamic flow, mechanical vibration,

and stresses. The elements have depth and are more effective in stopping

fibers than single layer cloth filters. Dirt holding capacity is good.

This type of filter is suitable for critical hydraulic, pneumatic and pres-

surization systems applications if thoroughly cleaned initially.

)

Sintered Wire Mesh

Both the woven wire and wound wire mesh can be sintered. The sinter-

ing process fixes the pore size and reduces the possibility of changes in

pore size under mechanical stress and vibration. The sintered wire mesh

has the same general filtration capability as unsintered mesh and presents

a straight-through path for contaminants. The sintered process introduces

another source of contaminant. Initial cleanliness is more difficult to

achieve than with unsintered cloth, and migration tends to be more severe.

This type of filter is suitable for non-critical hydraulic, pneumatic, and

propellant feed applications. The filter will pass fibers.

Dutch Weave Wire Mesh (Figure X1-5-3)

Cloth of the dutch weave or dutch twi II type presents a so.lewhat more

intt'icate flow path than square mesh pattel_ns and for this reason the



material has somewhatbetter ability to stop fibers. This medium cannot

be classed as a cloth filter, however, even though its performance will be

somewhat better than square weave cloth. This type of filter is suitable

for non-critical, hydraulic, and propellant feed applications.

Disc or Ribbon Edge Filter (FiKure XI-5-4)

Edge filters consist of stacked washers or ribbon wound to form a

hollow cylinder. The filtration surface is the outside diameter of the

cylinder. The pore size of such elements is fixed and will not vary with

flow mechanical stress, vibration or temperature if properly supported.

Initial cleanliness of the element can be attained to the level of the en-

vironment in the assembly room. Migration of media will depend upon the

method used to stamp, cut, or fabricate the discs or ribbon. These filters

are surface filters and will pass fibers of larger dimensions than the

nominal pore size. Dirt holding capacity is poor since the element has no

depth. Depending upon the construction, this type of filter may be re-

cleaned by back flushing, if the stack can be loosened. It is suitable for

non-critical hydraulic, pneumatic, and propellant feed applications. The

element will pass fibers. The size and weight may be excessive for air-

borne propellant feed applications.

Sintered Metal (Figure XI-5-5)

Initial cleanliness of this type of element is difficult to achieve

and migration of element material including flakes, beads, or large gran-

ules is possible. The ability to withstand thermal shock is very critical

with this material, and mechanical shock and vibration resistance of these

materials is poor. This type of element may be suitable for removal of

gross contamination of fluids in non-critical airborne hydraulic, pneumatic,

or propellant feed applications.

Composite Sintered Metal and Wire Cloth (Figure XI-5-6)

Laboratory tests have demonstrated that this construction is very

poor from the standpoint of initial cleanliness, and migration of element

-&il-



material is severe. The interaction of the cloth with the sintered granu-

lar material will release large numbers of particles under mechanical

vibration and operating stresses. This medium should not be used for

critical airborne pneumatic, hydraulic, or propellant feed applications;

however, it may be a good material for eliminating gross contaminants from

non-critical fixed systems.

Etched Disc (Figure XI-5-7)

This filter consists of a stack of segments resembling thin washers,

each of which has one face chemically etched to provide a predetermined

intricate flow path. Each segment can be cleaned separately, thus the

initial cleanliness can be reduced to the degree attainable in the assembly

room environment for the filter. Since there are no welds, wires, chips,

or machined surfaces on the elemL_nt, migration of media is essentially

zero. The depth property of the element is achieved since the contaminants

must cross the surface of each segment through a tortuous path. The ab-

solute and nominal ratings of the element are essentially the same, since

particles and fibers larger than the pore size will not pass through the

element. Dirt holding capacity is good. The element is easily cleaned by

releasing the compression on the segments and backflushing. This type of

element is suitable for critical hydraulic, pneumatic, and propellant feed

applications; however, size and weight may be excessive for airborn pro-

pellant feed applications.

Pressed Paper (Figure XI-5-8)

ThLs type of element may be suitable for removal of gross contamina-

tion from non-critical fixed systems, but it should not be used in critical

airborne hydraulic, pneumatic, or propellant feed systems.

Matt_,d Fibers (Figure XI-5-9)

This type of element may be suitable for removal of gross contamina-

tion from non-critical fixed systems, but it should not be used in critical

airborne hydraulic, pneumatic, or propellant feed systems.



Comoarison Factors for Filters

It is difficult to establish levels for contaminant removal since the

level must be related to the functional operation of a fluid component such

as a valve. The level of acceptability must be established by experiment

or from past experience. However, a review of filter performance obtained

from Reference 6 and other literature sources show that some lower limits

are imposed by the filter elements. Realistic absolute values appear to

be in the size of three microns or larger in size. The filters capable of

removing even smaller particles are limited by media migration which is

the tearing loose of particles of filter material often greater in size than

the majority of particles retained.

The most promising filter element appears to be the etched disc ele-

ment. Recent innovations in this design have improved its dirt handling

capacity by the etching of labyrinth passages on the discs. A comparison

chart summarizing filter performance is shown in Table XI-5-1 (Reference 6).

MEDIA

CYLI_'_O_IC At CY_' CORR',JGAI E D CO_R;,JGATED

c:,.'Pc'ORT!b,C, ,'¢_At'4DREL - INTERNAL MANDREL - !_'ER_,IAL AND

EXTERNAL MANDRE"

Fig. XI-5-1 Woven Wire Mesh (Ref. 6)



MEDIA

SHEET

1UBLJLAR

" R

TOP VIEW

CROSS SECTION

CORRUGATED CYLINDERS

Fig. XI-5-2 Woundwire Mesh

(Ref. 6)
Fig. X!-5-3 Dutch Twill Weave Wire Mesh

(Ref. 6)

DISC STACK MEDI

RIBBON CYLINDER _ COIU_UGA"I_I_ CTLINI_I C_UNI_,_| (l_llJI./gl_

Fig. XI-5-4 Ribbon Edge Filter

(Ref. 6)
Fig. XI-5-5 Sintered Porous Metal

Filter (Ref. 6)



CORRUGAIED CYLINDER CYLINDER

Fig. XI-5-6 Composite Sintered Porous
Metal with Wire Mesh

(Ref. 6)

O
MEDIA

Fig. XI-5-7

cylinder assembly

Etched Disc Filter
(Ref. 6)

CYLINDER CORRUGATED CYLINDER

MEDIA

C)
DISCS

CYLINDER

Fig. XI-5-8 Pressed Paper Filter

(Ref. 6)

Fig. XI-5-9 Membrane Filter

(Ref. 6)
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X1-6 GENERAL PURPOSE SEALS

Introduction

The seals described in this Part pertain to the general applications

of static, sliding or rotating shaft seals in pressurization systems. These

seals, for example, may be applied to component housing covers or dynamic

applications on a valve control element. The important aspect of these

seals is that they are composed of a structural element which form one or

more sealing interfaces. A brief description of the various types of seals

follows.

Static Seals

A static seal, as commonly envisioned, contains one or more sealing

interfaces formed by a structure. These seals can be found in connectors

and components within pressurization systems. Aside from the formation of

the interface, the static seal can be further subclassed by the shape and

function of the seal structure.

Static seals have been classified into the following categories:

(I) Metallic Pressure-Energized Seals

(2) Metallic Non-Pressure-Energized Seals

(3) Combination Pressure-Energized Seals

(4) Combination Non-Pressure-Energized Seals

(5) Nonmetallic Pressure-Energized Seals

(6) Nonmetallic Non-Pressure-Energized Seals

Metallic pressure-energized seals usually have a relatively flexible

member that is deformed elastically in a cantilever-type deflection by the

flange or housing. The entire bending force is usually exerted at the

contact area of the seal. By having a small contact area, a high contact

stress may be attained ew_n though the total bending force is relatively

small. Usually the amount of initial deflection of the flexible member of

the. seal is li,,iL_d by either the seal design or the housing. The force

du_, to fluid pressure acting on the flexible member of the seal ks balanced

bv the contact stress acting on the seal contact area. Since the contact



area is usually much smaller than the surface area of the flexible member

which is exposed to the fluid pressure, the reaction to the fluid pressure

force produces a contact stress at the seal contact interface which may be

larger than the fluid pressure. In this way the fluid pressure itself con-

tributes to the contact stress at the seal contact interface. Because of

the action of the fluid pressure and the flexible nature of the seal, these

seals are not susceptible to failure because of slight housing or flange

deformations. Thus the housing design need not be as rigid as with other

seal types. This can result in a considerable saving in housing weights.

The leakage rate depends on many factors. The most influential are

contact stress and surface topography. Both factors vary widely with

seal design, housing design and surface conditions, the leakage rates for

these seals vary widely also. Since these seals are completely metallic,

they perform well at extreme temperatures. Since much of the contact stress

is due to the reaction at the contact area resulting from cantilever type

bending of the flexible member of the seal, loss of stiffness of the seal

material at high temperature becomes one of the major high temperature

limitations. Brittleness at extremely low (cryogenic) temperatures sets

the low temperature limit for these seals, thus the temperature limits for

these seals depend on the seal material.

Because of their complicated shapes, most of the seals in this cate-

gory are relatively high in cost. The surface finish requirement for most

of these seals is 16 microinches rms. Since the contact area of most of

these seals is very small, these seals are susceptible to failure because

of scratches due to contaminants or rough handling. Therefore, cleanliness

and careful handling are required for these seals. To further reduce the

contact stress necessary for sealing, many of the seals in this category

are plated with a soft metal such as silver. Thus, the structural loading

of the seal is taken by the base material, and sealing is accomplished by

plastic flow of the soft plating material at the seal interface. Because

of this plating, many of the seals in this class may be marginally re-used.

Typical seal configura_tions are shown in Figures XI-6-1 and XI-6-2.
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Fig. XI-6=I Metallic Seal Structure Fig. XI-6-2 Metallic Structure with

with Plated Sealing• Plastic Sealing Surface

Surfaces in a Separable Flange

Metallic non-pressure-energized seals must have an externally applied

contact load to attain proper contact stress fir sealing. Because the

contact stress necessary for sealing with metal-to-metal contact is quite

high, an attempt is made with some of the seal designs in this category to

maintain line contact. In this way, since the entire contact load must be

supplied by the seal housing, high interface contact stresses can be at-

tained with relatively low contact loads. Since there is no appreciable

pressure actuation and little or no flexibility in the seal itself, these

seals are susceptible to increased leakage due to housing deformation,

such as flange separation under the action of fluid pressure. Thus, a

rigid housing design is necessary to ensure good performance of the seal

throughout the range of operating pressure.

Since the sealing action for these seals is metal-to-metal contact,

the relations between contact stress, surface finish and leakage are the

same as for metallic pressure-energized seals. The only difference is that

in this case the entire contact load must be provided by the housing. A

decrease in leakage rate can be attained with a given seal only by increas-

ing the contact load and, hence, the contact @tress.

Creep, which causes a reduction in contact stress and is usually

accelerated at high temperatures, is the principal high temperature limita-

tion on this type of seal. This type of seal has a simple geometrical

shape and, therefore, should be lower in cost than the more complicated

-



seal shapes. If high contact loads are available, this type of seal will

perform well providing the proper contact stress can be maintained. Be-

cause of their simplicity, the handling and cleanliness requirements for

this type of seal are not as severe as for pressure-energized metallic

seals. The surface finish requirements are the same as with metallic pres-

sure-energized seals. Typical seals are shown in Figures XI-6-3 and XI-6-4.

F_g. XI-6-3 Wedge Shaped Flange
Soft Flat Gasket

zvvv 

Fig. XI-6-4 Solid Metal Profiled

Combination pressure-enerKized seals are plastic or rubber materials

which have a metallic base that urge the nonmetallic materials into contact

with the mating surfaces. The metallic structure provides sufficient load-

ing to achieve deformation of the nonmetallic material at the interface.

This loading is maintained even at low temperature when the nonmetallic

materials become brittle. In addition, the metallic structure compensates

for creep and volume change in the nonmetallic material. Figure XI-6-5

shows various types of these seals.

All combination non-pressure-enerKized seals must have an externally

applied contact load to function. Their geometric configuration is such

that the applied fluid pressure does little or nothing to aid in the appli-

cation of the required contact stress for sealing. The application and

maintenance of proper contact load is performed by the seal housing. Spiral

wound gaskets are made up of alternate layers of metallic and nonmetallic

materials. The metallic layers provide a degree of resilience. The sealing



Fig. XI-6-5 Molded Elastomer Seal Metal Loading Spring

is accomplished by the nonmetallic material, usually asbestos. The re-

silience of the metallic layers makesit possible to re-use the gaskets.

The metal jacketed type consists of a thin metal jacket completely enclos-

ing a soft filler material. The filler maybe a polymer, asbestos, or a
soft metal. The thin metal jacket deforms easily and mates with the flange

to form a sealing interface. The filler material acts as a support for the

jacket and helps to maintain resilience. This type of seal maybe used in

applications where the sealed fluid is corrosive to the filler material but

compatible with the jacket material.

The nonmetal coated gasket provides good conformability with the mat-

ing surface and, therefore, maybe used with rough or warped surfaces. The

nonmetallic layer is usually thick and is cemented to the metallic core.

The metallic part of the seal supports the nonmetallic surface layer and

provides resilience.

All the seals in these three subclassifications usually require less

contact load than all metal seals, hence flanges and bolts, and similar

housing configurations maybe madelighter.

- Zl-



The leakage rate of static seals is usually not a straightforward

point for discussion. As shown, leakage past an interface is a function of

contact stress. Thus, the leakage rate could be decreased by increasing

the contact stress. The allowable contact stress may be limited by other

considerations such as maximum allowable bolt load and housing design con-

siderations. Figure XI-6-6 shows a typical seal in this category.

i iiiiiii JI

Fig. XI-6-6 General-Purpose Flange (Soft Metal), Gasket
(Elastomer) and Metal Jacket Filler (Asbestos)

Nonmetallic pressure-enerKized seals generally have a flexible member

that deflects under the action of the contact load and the pressure force.

Because of the inherent flexibility of most nonmetallic seal materials,

particularly polymers, the contact force due to deflection of the seal by

the housing is usually small. In some designs, the deflection of the seal

by the housing contributes a significant portion of the contact stress

necessary for sealing. This type of seal is usually made of a polymer

material. The natural resilience, the effect of pressure actuation, and

the initial deflection, which is usually IO to 20 per cent of the cross

section width, act to reduce the problem of increased leakage due to flange

or housing deformation. The leakage rates for polymer seals of this type

are usually close to the leakage rates for the mechanically preloaded poly-

mer seals. In many cases, however, the leakage rates for the pressure-

actuated polymer seals may be higher than for the mechanically preloaded

type because the contact stress may be lower.

The seals of this category have the same temperature limitations as

nonmetallic non-pressure-energized seals. These seals are relatively low
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ir cost because of high volume production. Their natural resilience and

ability to conform to the mating surface allows less stringent surface

requirements. A surface finish of 16 to 32 microinches rms is usually

recommended. Typical seals are shown in Figure XI-6-7.

Fig. XI-6-7 Ring-Type Solid E1astomer

For nonmetallic non-pressure-energized seals, as with the other types of

of mechanically preloaded seals, the entire contact load must be supplied

by the seal housing. However, the contact stress necessary to attain good

scaling is lower for nonmetallic seals. The resilient nature of polymers

reduces the problem of increased leakage due to housing deformation. How-

ever, such materials as cork and asbestos have little natural resilience.

The problem of increased leakage due to housing deformation with seals made

of these materials could become serious. Therefore, rigid housing designs

are necessary for seals made of nonresilient seal material. Because of

their generally good performance and versatility, the remainder of this

discussion will be devoted mainly to polymer seals.

Probably the best sealing short of welding mating parts can be ob-

tained with resilient polymer seals. Experiments with O-rings and flat

rubber gaskets have shown leakage rates of 10 -6 STD cc per sec of helium

and lower. The contact stress necessary to attain such sealing is substan-

tially less than that required to attain minimum leakage with metal seals.

The chief operational limitations of the nonmetallic seals is extreme

temperature. Hardening and loss of compression at high temperatures ex-

hibited by polymers is the major limitations of the use of rubber-like
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materials. Certain rubber compounds are available for use at temperatures

as high as 450°F for continuous operation and even higher temperatures for

short periods of time. The Viton compounds are used in this range. Brittle-

ness at low temperatures sets the low temperature limit for polymer-type

seals.

Because of their extremely wide usage and well developed manufactur-

ing sources, the polymer seals are generally low in cost. Their natural

resilience allows them to be re-used, although as a general rule seals are

usually replaced when an installation is disassembled for repair because of

their low cost. Since rubber-like materials conform readily to the contact

surface under compressive stress the surface finish requirements for rubber

static seals are not as stringent as for metallic seals. A surface finish

of 16 to 32 microinches rms is usually recommended.

Sliding Seals

Sliding seals can be broadly classed on the basis of materials of con-

struction and use. A distinction is made between metals and nonmetals, but

no further differentiation is attempted. The sealing elements are most

commonly circular, and seal dynamically at an inner or outer surface as

typically described by a rod and piston seal. No distinction is made be-

tween uses since most seals can be used in either application.

Conformin$ seals are continuous elements such as uninterrupted cir-

cular rings in which sealing surfaces are urged into contact by resistance

of the seal structure to deformation or externally applied forces. Pre-

cision mating seals are discontinuous elements with sealing interfaces

brought into cbntact largely by precise geometrical mating of surfaces.

Bellows and diaphragm seals are formed by elastically deforming a material.

This type seal does not possess a rubbing interface but certain designs do

include one oK more static interfaces. Labyrinth and bushing s are inter-

stitial seals implying no contact of the sealing surfaces as opposed to

the interfacial conforming and precision fit seals.

A subclass[fication of interracial sliding seals can be made based on

the relative influence of fluid pressure on the sealing element. Seal



structures which transmit substantial variations in interface forces when

subjected to fluid pressure are classes as pressure-energized seals. Seal

structures which transmit nominal variations in interface forces are

classed as non-pressure-energized seals.

Interface contact loads are produced by the applied pressure and any

radial and axial mechanical preload induced by interference of the seal

with surrounding parts or by such external means as adjustment nuts. Seals

which rely solely on radial interference are classed as radially preloaded

seal______s.Other seals subjected to axial loads usually transfer part of the

axial load to the radial contact surface. These seals are classed as

radial and axial preload seals. To make the identification of seals, typ-

ical seals conforming to each class and subclass are described in Figures

XI-6-8 through Xl-6 13.

Rotating Shaft Seals

The subclassification of rotating shaft interfacial seals is based on

the construction features of the seals. Two subclassifications are axial

and radial seals depending upon the orientation of the interface subjected

to relative motion. Axial seals are commonly called face or mechanical

seals. Figure XI-6-14 shows a typical face seal. Detailed descriptions of

face seals and theory of operation are found in Reference IO. Radial seals

can be further classified as lip, packing and circumferential split ring

seals. Lip seals, as typically shown in Figure XI-6-15, are commonly made

-from plastics or rubber materials. A typical identification of these seals

is the relatively flexible leg which is urged radially against a rotating

shaft. In addition, pressure-energized sliding seals as presented on

page XI-6.10 may also serve as rotating shaft seals. Another class of

sliding seals identified as precision mating seals may be used as rotating

seals. Quite often, however, these seals, when used in rotary applications,

are called circumferential split ring seals. Figure XI-6-16 shows a typ-

ical seal in this classification. The last type of interfacial seal is the

stuffing box or packin_ seal shown ill Figure XI-6-17. Packings can be

described as deformable materials such as asbestos, metal foils, or cork



which are compressed in a groove surrounding the shaft. An external loading

mechanism is necessary to maintain the material in contact with the shaft.

Fig. XI-6-8 Metallic Pressure Energized Seal

L_audting

Fig. XI-6-9 Nonmetallic - Nonpressure Energized Seal



Spring

Fig. XI-6-10 Metallic Nonpressure Energized Seal

Fig. XI-6-11 Nonmetallic - Pressure Energized Seal



Fig.XI-6-12 Metallic Split Piston Ring Seal

Fig. XI-6-13 Rolling

Diaphragm Seal

Fig. XI-6-14 Face-Type Seal
Fig. XI-6-15 Lip-Type Seal



Fig. XI-6-16 Circumferential Split-Ring Seal

/

Fig. XI-6-17 Packing or Stuffing Box Seal



XI-7 SEALDESIGNANDSELECTIONMETHODS

Introduction

The most important factors governing the leakage performance of a

seal are the conditions existing at the sealing interface which include

contact loading, material properties, and surface finish. These factors

serve as input criteria in the selection of any seal configuration. If

any of the general types of seals previously considered can meet and main-

tain the prescribed interface conditions, the seal can be suitable for a

specific application providing it meets the following environmental crite-

ria:

(I) Material-fluid compatibility

(2) Temperature

(3) Pressure

(4) Acceleration and shock loading

The requirements for sealing interfaces are described in Section X

and should be reviewed in order to establish the input criteria. The

material properties and surface finish are relatively fixed operational

properties of a seal. The interface loading, however, is a function of the

seal structure geometry and the cavity or housing which contains the seal.

Additionally, the interface loading is dependent upon pressure and thermal

deformation of both the seal structure and cavity.

Seal Housin_

In general, seal housings can be divided into at least the following

functional groups: fluid conduit connections, pressure vessel covers,

dynamic seals, and for general bulk head applications. The aspects of each

seal housing must b_ considered separately because of differences in con-

figuration and manner in which housing structural loads are applied.

A large number of the seals in pressurization systems are duct and tube

connector seals. The structural loads applied to this type of housing



include:

(I) Separation forces due to fluid pressure changes
in flow momentum,and dynamic loading

(2) Torsion and bending due to tubing misalignment
and thermal expansion

(3) Hoop stresses due to the fluid pressure

In addition to the structural forces applied to the connector assembly,

the effects of variable thermal environment must be considered. The major

effects on a connector assembly are:

(I) Reduction in contact stress at the seal as a
result of creep or relaxation in the support
housing

(2) Reduction in strength and modulus of the mate-
rials as a result of elevated temperatures

(3) Increased brittleness of somematerials at"
cryogenic temperatures

(4) Differential thermal expansion resulting from
differences in the thermal expansion properties
of the materials in the seal and housing assembly,
and from temperature gradients in the seal and
housing assembly

Considering each of the preceding factors, the problem of connector

housing design is indeed complex. The fina] design mayoften be a com-

promise between the opposing limitations of strength and weight. Exten-

sive connector design criteria have been developed and are discussed in

Section XI-9.

A second category of seal housings is pressure vessel covers. This

general category includes such items as end caps of control valves, and

flange-type covers on fluid storage tanks. In general, a pressure vessel
cover can be considered to be any removable part that closes an opening

in a vessel containing fluid, and whoseprimary purpose is not in the con-

duction of fluid from one region to another.

Since the cover is usually not a part of the fluid conduit system,

it is not subjected to the torques, bending moments, and forces usually
associated with the fluid conduit. The main structural loading on a cover

coniesfroln tl_e pressure fc_rce due to the sealed fluid, th_ reaction loads

due to contact with the seal, the loads imposed during installation, and

gravitational effects. -- _i"
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The main function of the cover and its fastening mechanism is to pro-

vide the proper seal interface contact load. The interface load is intim-

ately related to the deflections and distortions that take place in the

cover and the seal. These distortions are mainly functions of:

(I) The fluid pressure force

(2) The seal reaction loads

(3) Installation loads

(4) Thermal phenomena such as differential thermal

expansion and changes in material properties

resulting from changes in environmental temper-
ature.

The treatment of the problem including, simultaneous consideration of

thermal and structural loads, is complex. Consequently, these effects are

treated separately, and the effects of each can be superimposed.

Structural Loads can be analyzed using a generalized approach based on

existing plate and shell theory and establishing relationships for the

elastic displacement of the seal housing in the vicinity of the seal in-

terface. Consider a cover geometry as shown in Figure XI-7-1 having cylin-

drical symmetry.

Ri ng-Hub Juncture

i

Hub-Shell Juncture_Top

Hub

L.
r -Ring

or Shell

Fig. XI-7-1 General Cover Geometry

When fluid pressure, initial clamping load and seal reaction load are

applied to the cover, elastic deformation takes place in each member of the

cover. The deformation of each member is treated separately. The internal



stresses at these _unctures are replaced by undetermined forces an_ moments

and these, in turn, are treated as external forces in each independent

analysis. Thus, a set of simultaneous defl_ction equations is developed.

The solution of these equations is accomplished by the use of common bound-

ary conditions, displacement and rotation, at the junctures.

The derivation of the deflection relations, the application of the

boundary conditions, and a detailed discussion of the entire analysis proc-

ess is contained in Reference 13 and 14. Because of th_ complex nature of

the equations and the iterative process necessary for their solution, a

digital computer solution is necessary. The type of computer routine, and

the general solution of the problem is also discussed in these References•

In its completed form the results can be optimized and presented in

graphical or tabular form to enable a designer to determine the elastic

displacements in the vicinity of the seal for any geometry of cover meeting

the restriction of cylindrical symmetry, and for the various modes of seal

contact:

(i) Total contact (i.e., flat gasket with bolt holes)

(2) Contact within the bolt circle

(3) Contact outside the bolt circle

(4) Contact both within the outside the bolt circle

but not total contact•

These force and deflection results can be combined with the seal struc-

tural design criteria to yield a complete structural, and leakage perform-

ance analysis for the entire seal assembly.

A simplified strength of materials analysis can often be made when the

seal housing parts are less complicated• For example, consider a seal

housing as shown in Figure XI-7-2 consisting of a flat cower bolted in place•

Classical solutions for small elastic deformation of thin plates are con-

tained in Reference 15 for cover geometries assumed equivalent to that shown

in Figure XI-7-3. Essentially, the solution _'eilds the plate deflection and

corresponding load at the seal interface radius shown as r
O



Seal

Groove

Fig. XI-7-2

2 in Mean Interface

Diameter

__Arbitrary Seal

Flat Cover Geometry

Bolt Loa__

i"

La

Bolt Load

Seal Reaction

Pressure Loading

Fig. XI-7-3 Flat Cover Plate Geometry

The preceding discussion describes methods of estimating flange deflec-

tion resulting from the influence of fluid pressure. The next important

criterion is the means by which the cover plate is fastened to the pressure

vessel. The most common type of fastener used in this type of application

is the bolt. A great deal of information exists on bolt loading, preload,

torque to load relationship for bolt-type fasteners. In the case of bolted

pressure vessel covers using the types of seal discussed thus far, certain

particular requirements are present which can be stated:

(I) The bolts must be capable of providing the initial

contact load at the sealing interface. The load is

determined by the seal structural design.

(2) The bolts must be capable of withstanding the full

fluid pressure force with tolerable elongation.

(3) ]he bolts and other members of the seal and housing

assembly must have carefully mated thermal properties.
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To analyze the cover, we proceed as follows:

3

Part

Bolt

---"" _/,1. / ,/ ,,'" c ,,1 . ."'/.'1,___ Cover

Fig. XI-7-4 Bolted Cover

If a part is bolted in place and an initial tensile force P is applied to
o

the bolt, a corresponding compressive load is induced in the part. If no

other forces are applied to the system, the load on the cover P and the
P

Pb are given by:

Pb = Po (16)

p = p (17)
c o

If a load P is also applied to the cover, the relationship can now be ex-

pressed as

k b

IPb[ - kb+kc P + Po (18)

k

: kb+kc o

(19)

where k b and k c
are the elastic constants of the bolt and cover.

A b E b

kb - Z b

(20)

_.._)



where

A E

k - c p

c _c
(21)

in 2A = effective area ( )

E = modulus of elasticity (psi)

_ = effective length (in.)

Figure XI-7-4 shows that the effective contact area of the cover is much

larger than that of the bolt. Thus, as long as compression is maintained

on the cover, changes in load, P, will have a small effect on the bolt

load, Pb"

In practice, the initial 1oad_ Po' is usually made sufficiently large

so that when the load, P, is applied to the part, a compressive load, P
p'

is still maintained. Maintaining a compressive load by application of the

proper initial bolt load is extremely important in the use of flat gaskets

for sealing. This subject has been under study in many fields and by many

investigators (References 16 and 17).

The use of a sufficient initial bolt load is advantageous in reducing

the effects of fatigue if the load, P, is fluctuating as in the case of

varying pressure. In the case of varying load, P, the maximum and minimum

bolt loads are found from Equation (18) by substitution of the maximum and

minimum values of P. From this relationship it can be seen that the maxi-

mum bolt load is increased because of the initial load. However, the mini-

mum bolt load is considerably larger because of the presence of the initial

load than it would be if there were no initial load present. The resultant

effect is to reduce the range of load fluctuation in the bolt. Since they

depend on the magnitude of the range of stress variation, the fatigue

effects are also reduced.

When the cover plate bolt and seal reaction loads are considered to-

gether, the relationship becomes more complex. Consider the following:
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Fig. XI-7-5 Bolt Cover with Seal

When the bolt is torqued so that the cover just barely touches the body,

the entire seal contact load, P is taken by the bolts and the correspond-
S'

Ing bolt load is given by:

Pb = Ps (22)

All loads are expressed as forces on each bolt. Any additional load P, such

as that due to fluid pressure, is also taken directly by the bolt. In the

presence of a load P, the bolt load is now given as:

Pb = P + Ps (23)

The total bold load variation will now be exactly the same as the variation

in force P . The range of variation of the bolt force Can be reduced if an
s

initial compression is induced in the cover plate by increasing the bolt

preload. Since the cover and body are usually much more massive than the

seal, the compressive load induced in the cover by the additional bolt pre-

load may not cause sufficient deflection to have a significant effect on the

seal interface load P
s

If the magnitude of the structural load P, due to fluid pressure or

other causes, is known, the additional bolt preload, P , necessary to keep
0

the cover in compression can be found from Equation (26). Since a load P s

has already' been applied to the bolt to deflect the seal, the total bolt

)
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load in the presence of load P can now be expressed as:

k b

Pb - kb+k P + Po + Ps (24)
c

The maximum, minimum and average bolt loads can now be calculated and

plotted on a working stress diagram or Goodman diagram to determine if

these stresses are within the fatigue limits of the bolt material.

There may be cases where it is not possible to apply sufficient bolt

preload, Po' such that the cover remains in compression, because an ex-

cessive bolt load, as given by Equation (32), would occur. In these cases,

the maximum allowable preload, Po' can be determined from the relation

Pb = P + Ps + Po" In this relationship, Pb will be the maximum allowable

bolt load determined from working stress considerations.

In addition to the consideration of bolt loading, the deflection or

elongation of the bolts under load must also be considered. This elongation

must be added to the cover deflection at the seal contact point to determine

the total housing deflection at the sealing contact point. The allowable

deflection at the sealing contact point is determined by the seal structure

and the seal interface criteria. Thus, either the seal structure or the

housing design or both may have to be modified until an allowable deflec-

tion at the sealing interface point is achieved. The elongation of a bolt

is given as:

- Fb_b (25)

A b Eb

To minimize bolt elongation the free length of the bolt should be kept as

small as possible. Also a short bolt length minimizes the effects of

_hermal expansion. Thus, bolt load, fatigue considerations, bolt elonga-

ion and bolt length must be carefully considered as part of the housing

sign.

l,_rmal Expansion

The dimensional changes in the components comprising a housing and



seal structure assembly due to changes in temperature of the assembly can

exert a significant influence on the performance of a seal. The differences

in expansion or contraction of the parts can often cause displacement equal

to or larger than the permissible deflection of the seal structure.

The problem is even more complicated when large temperature fluctua-

tions are expected. This occurs because the expansion characteristics of

material change with magnitude of temperature. To minimize the problem of

thermal expansion in a seal housing assembly, it is necessary to match the

thermal expansion properties of the parts as closely as possible. This will

minimize the effects of differential thermal expansion. Even if all of the

parts were of identical material, the problem of differential thermal ex-

pansion would still exist because of the presence of temperature gradients

in the seal and housing assembly.

To illustrate the effects of thermal expansion, the following example

is presented. (See Figure Xl-7-5 for illustration)

Dimens ion Ma teria 1

Bolt Free length IO20 Stl

A = 0.375

Groove height AM355SS

B = 0.25

Seal height 17- 7PH

B = 0.25

Thermal Expansion at lO00°F

O.75_

7.2 x 10 -6 from manu-

facturer literature

The thermal expansion under these conditions is given as:

Part Expansion (in)

Bolt 0.00271

Groove height 0.0018

Seal height 0.0025

The total differential expansion in this case is (0.0027 + O.OO18) -

0.0025 = 0.002 in. This represents a considerable improvement. The differ-

ential expansion can possibly be compensated in the design of the seal

structure. Sufficient initial elastic deformation of the seal structure can

be provided so that after the thermal expansion takes place there will still

remain sufficient elastic deflection in the seal structure to maintain an

)
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adequate contact load at the sealing interface. In the case of pressure-

actuated seals, the fluid pressure acting on the seal structure tends to

increase the contact force.

The same type of procedure is necessary when the seal assembly is to

be operated at extremely low temperatures. If the seal contracts at a

greater rate than the groove or the bolts, interface separation could occur.

If the flange or cover material contracts at a greater rate than the seal,

the decrease in groove height may counteract the shrinkage of the flange

at the bolt which tends to decrease the bolt clamping load.

The effect of pressure gradients must also be considered. If the seal

temperature suddenly increases because of contact with a hot gas, a large

temperature gradient can be created between the seal and the bolts. In

this case there is a tendency for the seal to expand at a much greater rate

than the bolt. However, the seal is in contact with the cover and the ex-

pansion of the seal structure is restrained. This restraint against the

expansion of the seal induces an additional load on the bolts. It is

possible that this induced load can deform the bolts plastically. Thus,

'• _ _vn _a_ _when the graolen_ uecrease_ Lz_e[_ may be a substantial decrease in ^_ e _e

force at the sealing interfaces. If large thermal transients and large

temperature gradients are expected in the seal and housing assembly, the

thermally induced stresses on the bolts should be estimated. The results

of this estimation may indicate that, because of effects of the temperature

gradient, higher strength bolts are necessary. This would be indicated by

an analysis in which temperature gradients are neglected. This estimation

can be accomplished using the standard strength of materials approach using

elastic theory or the increase in load can be estimated from empirical load

deformation data. In the use of empirical data, the change in the seal

dimension that is due strictly to thermal expansion can be estimated. The

additional bolt load required to r_strain this expansion is then assumed

to be equal to the load required to produce the same change in seal dimen-

sion by deformation of the seal, and is obtained from the load versus de-

formation data.

- C,40-



A treatment of the problem by elastic theory is illustrated in the

following example.

J__4
7,,! J

kb .,-jb',J-IE_ - _s

.................-,'.

Fig. XI-7-6 Simplified Cover and Seal Geometry

If the temperature of the entire assembly is raised by an amount _T,

and the seal has a greater rate of expansion than the bolt, the restraint

on the seal will induce an additional load on the bolt. From static equi-

librium conditions the following conditions must hold:

(I) The total compressive force on the seal must be

equal in magnitude to the total additional tensile

load on the bolts.

(2) The elongation of the bolt due to the rise in tem-

perature plus the stretching of the bolt due to the

additional force must equal the expansion of the

seal due to the rise in temperature minus the com-

pression of the seal due to the additional load on

the seal interface.

These relations may be expressed as follows.

Load relation:

F b = F s
(26)

Elongation relation:

_Tb + SFb = _Ts - SFs (27)

_)



The temperature expansion of the seal and the bolt can be expressed as;

8Ts = as_ s AT s

8Tb: ab bATb

The deflection of the bolt and seal due to the forces are given by:

Fb_ b

_Fb - A b E b

(28)

(29)

(30)

F _ ss
_Fs - A E

s s
(31)

Substituting relations (36) and (38) in (35) yields:

F '_s
Fb Lb L AT s

ab_bATb ÷ A b E b - as s s A E
s s

(32)

Equation (32) shows the general relationship between the loads and de-

flections of the seal and bolts. In cases where no gradients exist in the

assembly but a temperature change of the entire assembly is taking place

T b = _Ts. During a thermal translent, in general _T b # _Ts. In the

most extreme case of a thermal shock either _T b or _Ts can be assumed to

be equal to zero while the other assumes some finite value. In all cases

the total forces must be equal. Thus, if the geometry and thermal expan-

sion coefficients are known, the additional force that is due to any assumed

temperature gradient condition can be calculated from Equation (32). This

thermally induced load must be added to the total bolt load including the

preload, seal reaction, and pressure load. If the bolt yields, then larger

bolts or higher strength bolts are required to withstand the thermally in-

duced forces.

Other Thermal Effects

In addition to the direct effects of thermal expansion, temperature

changes exert more subtle influence on the seal and housing assembly be-

- @92-



cause of the changes in physical properties caused by temperature changes.

Tables Xl-7-1 and XI-7-2 show the variation of modulus of elasticity and

yield strength with temperature for several metals.

As the temperature increases, the modulus of elasticity decreases;

thus, more deflection can be produced with a given force. Therefore,

structures at high temperature are less rigid under the same loading as

structures at lower temperatures. The decrease in yield strength at high

temperatures must be carefully considered when designing a seal structure

for high temperature applications. The yield strength and modulus of

elasticity at the maximum operating temperature are suggested for use at

design calculations.

Creep occurs when long periods of operation at elevated temperatures

are encountered. Creep is the slow steady continuous plastic deformation

that occurs in most metals at elevated temperatures at stress levels far

below the yield strength of the material. Quantitative data on creep are

extremely limited, and little is known about the theoretical basis of the

phenomenon.

D

Seal Structure

An objective in the analysis of any interfacial seal is to relate the

deformation of the seal structure to the load acting at the sealing inter-

face. Among the factors governing deformation, the structural shape is the

most significant variable. Aside from strength requirements, the shape of

a seal is most often determined by the designer's conception of a seal. It

is usually an individualistic design approach since there is often little

agreement on the criteria for effective sealing. This is demonstrated by

the vast array of commercially available seals, many of which are intended

for the same functions. To show general techniques for metallic seal

structure analysis, the case of a cantilever leg seal of constant thickness

is considered. The analysis of other shapes can be found in References 13

and 14.

The subsequent analytical criteria for the seal shown in Figure XI-7-7

were orig_nally developed by General Electric Company (Reference 14). The )



general configuration of the seal is typical of many commercial seals. By

maintaining a small contact area, fairly high contact stresses may be

achieved without resorting to high total contact loads. 3"his type of seal

is usually designed so that the bending stresses in the seal legs remain

elastic and the legs thus retain their resilience. A configuration of this

type is particularly useful when the sealing contact area can be coated or

plated with a soft material. If the seal is not coated or plated, it may

be difficult to achieve the proper contact stress at the sealing contact

area.

1
I
i
I
I

I
I

L

i
I

i"3 __

_, Flange Face

Unloaded

View

View

+ i
/ / / / / / ,/ / / / / ,/ / / / ///_/ // /Flange Face I

/

P

Fig. XI-7-7 Seal with Cantilever Leg of Constant Thickness

As discussed in Section X-2, the contact stress required to achieve

adequate sealing with most structural metallic materials such as steel and

aluminum is quite high. To attain a sufficient initial interface contact

stress and stay within thv elastic |Jmits on the bending stress, o b, of

the seal legs, the stiffness of the seal leg must be large. Large stiffness

of the seal legs, however, reduces their ability to deflect under the pres-

sure loading, thereby reducing the effectiveness of the pressure actuation.

]n any event the procedures developed by General Electric (Reference 14)



simplify the design calculation for these particular seal configurations

and should prove useful in cases where the required sealing contact stress

is relatively low, i.e., plated or coated contact surfaces. Because the

contact load is usually high, these seals are seldom used in dynamic appll-

cations. Thus, this type of seal configuration is more suitable for static

seal application.

Application of Analytical Methods

An example of the application of analytical techniques to a seal is

presented for a Naflex (Reference 13) seal installed in a cover configura-

tion shown in Figure XI-7-13. The materials of construction are shown in

Figure XI-7-5.

Following the procedures outlined in this Part, the deformation can

be approximated using the simplified flat cover criteria. Since the diam-

eter of the seal contact area is given, a bolt circle radius can now be

assumed. Thus, the ratio r /a is established where r is the contact area
o o

radius and a is the bolt circle radius. The flange or cover plate deflec-

tion parameter at the contact point can be obtained as a function of the

ratio rla. The following relationships are used in the analysis. Assume
o r

a maximum deflection at the seal interface, of v = O.OOl" and _oo = 0.5.
"O a

The maximum stress is calculated as 14,940 psi and the cover thickness is

O.61 inches.

A 2 inch nominal diameter Naflex groove flange seal was composed of a

4340 steel structure covered with a O.OO4-inch coating of Teflon. The

geometry of the metallic structure is shown in Figure Xl-7-13. The manu-

facturer's identification of this seal is VD261-OO30-OO36 (Reference 13),

and it was recommended for the following applications:

Temperature:

Pressure:

Fluid:

-425 to 3OO°F

5000 psi

Liquid oxygen, nitrogen,

hydrogen, air; gaseous

oxygen, nitrogen, hydrogen,

helium, air; water and

corrosive liquids.

b
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The seal was assumed to be installed in a cavity having a depth of

O.148 inches as recommended by the manufacturer. From the free dimensional

height of the seal, as shown in Figure XI-7-13, the initial axial seat de-

formation is O.1697 - O.1480 inches or approximately 0.022 inches, neg-

lecting any effects of the Teflon coating.

,,- O. 050

A O. 1697
0.085-- 0.0905

I

I

2. 099 diam ....

i
0.0235

2.629 diam ....... ,_%/_.-_°.

Fig. XI-7- 8 Two-inch Diameter Navan Seal

(Part No. VD261-OO30-OO36)(Ref.13)

The deformation of the seal structure is assumed to be elastic and

the influence of the Teflon coating is neglected. The analysis is accom-

plished using equations 33 and 34.

From F_gure XI-7-13

L = O.1425 in.

l = 0.234



2H F = O.1697

Groove depth = O.148

2h = O.1475 - 0.0850 = 0.0625

h = O.O312 in.

Then:

__= 0.234

h O.O312
=7.5

The initial deflection is given by

2Y e = 2H F - O.148

2Y = 0.1697 - 0.148 = 0.0217
C

Y = O.O108 in
e

Since all the geometric properties of the seal are known, equation 33

can be used to determine the contact load.

First calculate the deflection parameter:

Ye E

2
I-I)

whe re

Deflection parameter =

E = 30 x 106

v = Poisson's ratio = 0.3

(O.O108) (30) ( 106 )

2
I -0.3

= 35.6 x 104

The contact load per unit circumference can be determined by

dividing tl'e deflection parameter by the known (,4_/h) ratio. This

operation yields a loak:

)

R = 216 Ib/Jn
S

The results of the load-deflection experiment performance on a Teflon-

coated seal arc shown [n Figure XI-7-14. The maximum load applied at the

)
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maximum deflection of 0.020 inch is 1525 pounds. Thus, the reaction on

contact load per inch of interface contact is given as:

R = 152___55= 242 Iblln

s _3Di

where

D. _ 2.0 In
i

This value is in fair agreement with the theoretical contact load of

210 Ib per in predicted in the design analysis. The stralght-llne loading

curve indicates that most of the deflection of the seal legs is an elastic

process. This is further substantiated by the fact that only 0.005 inch

permanent set was exhibited by the seal after complete release of the load.

Part of this is attributed to plastic deformation of the Teflon coating.

The preceding results are in close agreement with the manufacturer's litera-

ture.

Teflon is fairly deformable under compression. However, because of the

spherical interface contact surface it is difficult to estimate the contact

area that will result from plastic flow of the Teflon under the compressed

contact load.

The design curves of Section X-2 show that for unconfined materials the

corrected stress ratio approaches asymtotically a value less than 0.4. This

means that as the load increases, the material flows plastically until the

apparent contact area is large enough to support the load. Since Teflon is

rather easily deformed under a compressive load, a stress ratio will be

assumed and the leakage will be calculated. This leakage will be compared

with the experimental results and the comparison will serve as a check on

the validity of the initial assumption.

Assume the corrected stress-ratio is given by:

w21n '

AA
l_r = 0.30 (51)

Ill



where

= 3870 psi
m

n' = 2.8

AA = apparent area of contact

W = total applied load = R D
s

R = 210 Ib/in. of circumference
s

D = 2 in.

2

Then, A A = O.1465 in and the width of contact is:

= __AA= 0.0234 in (52)
_D

Leakage Prediction

The design curves of Section X-2 indicate a conductance parameter of

= 10 .22h 3 1 x in the neighborhood of a stress ratio equal to 0.3.

The helium leakage can now be predicted from the flow equation:

2 2

(D +D.)(P -P ) 0.958 _o(P +P )
Qo = o t in -out h 3 + in out)(Do+Di (53)

12_(Do-Di)Po _(Do Di)

where

D =2in. +A
o

D. = 2 in. - A
l

The leakage predictions as a function of temperature and pressure are

shown in Table XI-7-1.

The preceding calculations were based on the assumption that the con-

tact load remains constant and equivalent to the initial seal deformation.

In an actual application, the load does vary due to pressure and thermal

deformation of the housing and seal structure. The critical effects occur

at the higher temperature limit of 3OO°F, assuming that the seal is in-

stalled at normal temperatures. To estimate the effects of load variations,

the characteristics of the experimental apparatus, described in Reference

13 are used as guidelines.

-&[o-



Table Xl-7-1

LEAKAGE PREDICTION OF A NAFLEX SEAL

PRESSURE

(psia)

114.7

214.7

414.7

514.7

614.7

814.7

1014.7

1214.7

1414.7

1614.7

1714.7

1814.7

2014.7

HELIUM LEAKAGE RATE (cc/sec,STP)

@ 80°F

8.85xlO'_
1.77xi0"

3.58xlO -6

4.44xlO -6

5.49xlO "6

7.46xlO'_

9.44xlO'_

1.16xlO'_

1.38xlO'_

1.6OxlO'_

1.72xlO'_

1.84xI0"_

2.O4xlO "_

@ -320°F

2.5 xlO'_
5.0 xlO"

l.OlxlO'5

1.25xlO" I

1.55xlO-

211xI0[ 
2.67xlO_

3.28xlO._

3.9OxlO

4.52xlO-_

4.86xlO[_

5.21xlO

5.77xlO

@ 300°F

6.77xlO "7

1.35xlO-. b

2.74xlO'. b

3.39xi0"_

! !4 19xm'?
5.71xlO" _

7.22xi0 °b.

8.87xi0 °b.

1.05x IO "_.

1.22xIO "_

1.31xlO "5

1.41xlO "5
-5

I. 56xlO

The experimental flange or cover plate was designed for a O.OO1 inch

deflection under pressure. Since the seal structure deflection was 0.020

inch, the effects of pressure on the load reduction due to flange separa-

tion is negligible. This corresponds to a load reduction of 7 per cent

and is well within the 50 per cent limits of hysteresis stress relaxation.

Figures XI-7-15 and XI-7-16 show the results of leakage evaluation of

the Naflex seal. Room temperature results, shown in Figure XI-7-15, and

the low temperature results, shown in Figure XI-7-16, are in close agree-

ment with the predicted leakage rates. The actual results are within the

one order of magnitude deviation that is expected from the predicted leak-

age rates.

Summary of Seal Structure Requirements

While it was not feasible to consider all of the possible seal struc-

tures and applications, the general techniques for seal evaluation have

been briefly outlined. Additional details can be found in References 13

and 14. The case of sliding seals was not d_rectlv considered but a re-

view of the general class of seals shows that similar analytical techniques

-_"I-
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as outlined can be readily applied. Similarly, elastomeric seals were not

considered. However, the procedures outlined in Section X-2, can be

applied to elastomeric seals if the assumption is made that the forces

acting on the seal structure are transmitted hydrostatically through the

material.

The general seal structure must be resilient to compensate for thermal

and pressure deformations of the seal and seal-related housing. _Mny

commercial seals are pressure-energized to produce this effect, although

the philosophy behind it is usually one of attempting to increase the de-

formation at the interface. The influence of additional pressure loading

in commercial seals is almost negligible. To clarify the requirements for

a seal structure, the following can be stated:

(I) The structure must be capable of imposing the

initial interface load required for minimum

leakage under all operating conditions.

(2) The structure must maintain approximately 50

per cent of the initial load when the inter-

face is plastically deformed

,,2/n'

w_______ >0. I (Refer to Section X-2)
A A m

This effect is defined as a hysteresis phen-

omenon attributed to the relative influence of

elastic structure to plastic interface deforma-

tion. Thus, the seal structure must provide a

minimum load when deformations occur as the

result of individual thermal or pressure effects

or combined effects.

(3) No relative transverse displacement of the sealing

interfaces should occur due to thermal or pres-

sure deformations. This results in wear debris

generation and a deterioration of the minimum

leakage paths in the interface.

(4) Thermal effects are difficult to estimate theo-

retically and, hence, some experimental devel-

opment is necessary for those seal applications

where large temperature variations occur. A

selection of materials offering thermal compen-

sation effects can overcome this problem.



(5) The deformation of a metallic structure due to

pressure and thermal deformations of the struc-

ture plus the housing should remain within the

elastic range of the materials. Preferably,
maximum stresses should be within the fatigue

limits under the most adverse operating con-

ditions.

D



Xl-8 EXPULSION DEVICES

Introduction

The functional requirements of spacecraft subsystems may impose con-

ditions on the pressurization system such that

(1) the pressurant gas must be stored initially in

its liquid state in the pressure vessel

(2) the pressurant gas is stored in the same vessel

with a different gas or liquid such as a pro-

pellant

In both cases, it is functionally necessary to prevent mixing of the

fluids where mixing •can be produced by sloshing, zero gravity, or normal

diffusion. Two methods can be used to produce separation of the fluids.

One method employs positive expulsion devices which are characteristically

described as a mechanical separation produced by an impermeable membrane.

The method is used when the two fluids cannot contact one another without

reaction or when sloshing is to be completely eliminated. The second

,,o_h,,rl ,,_iI_,,_= ,,_h,_,- pri-c_p_,_= ,,_ _o_o_ and _= _¢ned as -_-

positive expulsion techniques. This latter method is employed when minimum

sl()shing can be tolerated and when the fluids can form a common interface

without reaction. The sepaL-ation can be achieved on a continuous basis

within the pressure vessel or just prior to exhaust from the vessel. Both

techniques have common t-eliability limitations arising from insufficient

technological dew_ lopment.

Positive Expulsion Devices

The conception of a positive expulsion device hinges upon the geometry

of the pressurized tank and the degree of leakage which can be tolerated.

Two forms of devices are the piston and bladder. The piston device shown

in FigurL, X[-8-I requires slicling _mls which can be interchanged with

bellows seals. The tank configuration must be relatively cylindrical. The

choict! of sliding seals suggests significant leakage while the bellows

limits th(. v,)lumc, which can be expelled to that permitted by its geometry,



volume and deformation characteristics. The design, fabrication, and de-

formation characteristics of bellows is in a somewhat undeveloped technology

status. Several configurations for convolute bellows are available, each

differing in the fabrication process employed. In turn, the fabrication

and configuration concepts influence the deformation and reliability char-

acteristics. A theoretical insight into the deformation problem is nec-

essary before each aspect can be related together. At the present time no

comprehensive analysis of bellows deformation has been advanced. Most of

the existing information is based on gross simplifications of the problem

or on trial and error.

b

Piston

Liquid

Sliding Piston Twin Bellows

b

Fig. XI-8-1 Piston Like Positive Expulsion Devices

Generally, the flexible bladder type of expulsion device is more

reliable and offers adaptability to spherical tanks with a maximum amount

of expulsion efficiency. The bladder materials must be impermeable and

compatible with both the liquid and gas.

When a propellant such as hydrazlne is to be stored alone in a Lank,

a number o£ ctastomers serve adequately, i.e., butyl or ethylene propylene

rubb_,r. Those materials are fairly inert and impermeable to hydrazine.

Storing the oxides of nitrogen is another matter, however. [n the storage

- 6b-I-



of nitrogen tetroxide, three materials problems are controlling chemical

attack, damage from creases, and permeability. Essentially no elastomers

are inert to N204. Inert polymers, such as Teflon, are permeable. Metals

alone seem to be reasonably inert and impermeable to N204, but metals are

easily damaged when tight folding causes creases. Creasing is inevitable

unless some form of controlled bladder folding is induced, since most

surface shapes will collapse with a multitude of random folds which cause

creases. Two typical bladder configurations are shown in Figure XI-8-2.

Gas

Fig. XI-8-2 Typical Bladder Type Expulsion Devices

When cryogenic liquids are stored, the bladder materials which can be

considered are metals and inert polymers. Materials such as Teflonln

composite layered form or metals as foils or plated layers appear most

promising.

Because bladder technology is also somewhat undeveloped, considerable

test and evaluation is necessary to assure reliability. Among these tests

are permeation, crease resistance, slosh Ioadlng, and long term.storage.

JPL (Ref. II) has investigated all metal convoluted diaphragms. These

diaphragms were fabricated by industrial concerns using several methods.

The basic drawback of these devices is that they cannot be recycled.

Figure XI-8-3 shows a convoluted diaphragm before and after expulsion as

well as the typical results of a recycling attempt. Further efforts are



3 being made by JPL subcontractors to achieve recycle capability with spe- 
cially modified convoluted diaphragms and reversing metal hemispheres. 
Despite the limitation on cycling, these diaphragms are the only devices 
tested thus far which provide completely impermeable barriers to propell- 
ants and to pressurizing gases. 

Fig. kI-8-3 Life Cycle of a Convoluted Metal Diaphragm 

(a) Diaphragm properly convoluted and ready for installation. 
(b) Diaphragm after use in expulsion of fluid from a hemispherical 

(c) Diaphragm after an attempt to restore the original convolu- 
tank. 

tions by pumping fluid back into the tank. 
(Courtesy of JPL) 

Non-Positive Expulsion Devices 

Heat leakage to a cryogenic propellant storage tank results in an 
increase in tank pressure and eventually causes over-pressurization which 
may be decreased by venting a portion of the stored fluid from the tank. 
Under zero-gravity conditions the orientation of the liquid or vapor phase 
is unpredictable resulting in the possible loss of liquid during venting. 
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The problem can be approached by:

(I) Applying surface forces such as centrifugal effects

and surface tension

(2) Electric field effects such as dielectrophoresis,

electric and magnetic field interactions

(3) Magnetic fields

(4) Acoustical fields

(5) The addition of heat in the case of liquid venting

by reducing the flow to a lower temperature satura-

tion state and transferring the heat of vaporization

to the liquid from the tankage system

During rocket firings using hydrogen fuel, a high propellant feed rate

may be required. In such a case it is necessary to pressure feed the pro-

pellant by pressurizing the system with the inert helium." For such appli-

cations it appears that it is desirable to remove the liquid hydrogen and

pass it through a heat exchanger, thus venting it in a vapor form. Such

"-_'^- "_-_ _=_ .... ,,,s ..... es which have showed that there is a

greater weight penalty associated with random venting of the denser helium

than with venting of the hydrogen vapor. It then becomes necessary to

locate the iiquid under conditions of weightlessness to insure its removal

prior to venture.

There are several means of locating liquids under conditions of weight-

lessness. TRW systems (Ref. I ) and Bell (Ref. ]2) studied several devices

that may be used for orienting liquids. Their study was aimed at develop-

ing applicable methods of analysis for each device so as to enable one to

perfor,n a trade-off analysis for a particular mission requirement. Among

the items under study are the stability of the device to disturbances such

as accelerations imparted from various sources, the time constant required

to orient the liquid following a disturbance, weight penalty associated

with the device, compatibility with the attitude control system used for

the mission and the reliability and the hazards associated with the use of

th_ dt,v[ce. The reader is referred to the tw_ references for further de-

tail_d information.



XI-9 FLUID CONNECTORS

Introduction

The joining of fluid conduits can be accomplished by separable, semi-

separable, and non-separable means. The distinction between each method is

as follows:

(I) Separable tube connections are mechanically formed by

threaded or bolted devices which, when the retaining

elements are loosened, the parts can be dismantled with

common tools.

(2) Semi-separable tube connections are formed in a manner

whereby special tools are required for assembly and dis-

mantling. The reusability of the connection is question-

able.

(3) Non-separable tube connectors implies that the parts are

joined together by brazing or welding techniques. Al-

though a separation can be =__,^_A considerab1_+_ effort

is required along with special tools. The connection

parts are generally non-reusable.

Each of the preceding tube connection elements is considered inde-

pendently. Non-separable connectors are considered in Section VIII under

"Materials and Fabrication" and separable and semi-separable connection in

this Section.

Separable Connectors

Separable connectors can be more explicitly described as devices which

force together one or more surfaces to form sealing interface(s). The

mechanism forcing the surfaces together is either a threaded nut or a num-

ber of bolts. This distinction forms the general subclassification of

separable connectors into threaded and bolted flange configurations as

shown typically in Figures XI-9-1 and XI-9-2.

•,,. b61 -"
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Tube
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XI-9-1 Typical Threaded Connector Configuration

A A

B = B

P

Fig. XI-9-2 Simple Bolted Flange

The criteria governing the selection of the configuration is based on

the size of the tube or piping being joined together. The threaded con-

nector is chosen when the tubing outside diameter is one inch or less and

where high assembly torque on the nut is not excessively large (under 2400

inch-pounds). When larger diameter tubes and pipes are encountered, the

forces required to maintain sealing become quite large thus requiring large

threaded nuts and joining tools. To overcome this problem, a series of

equally spaced nuts and bolts are employed to join together two flanges

where each bolt transmits only a portion of the total force to produce



sealing. Consequently, the bolt torque and tool size are kept within

reasonable limits.

Although the threaded and bolted flange connectors differ in basic

construction features, the problems in their design and selection are

similar. Therefore, the common problems can be considered first followed

by an individual treatment of the threaded and bolted connector including

specificities in construction features and selection methods.

General DesiKn and Selection Factors

The designer of a pressurized gas storage system can choose a separ-

able connector from a broad group of commercially available items. However,

the actual operating conditions imposed on a connector are. often such that

the manufacturer cannot reliably guarantee the performance of his product.

This is attributed to the wide variations in operating conditions which are

associated with specific applications. Consequently, the systems designer

is faced with the task of analyzing the connector if he is to ensure relia-

ble performance. His selection procedure must be based on a design analy-

sis. With a knowledge of connector design, the systems designer is also in

a position to custom design a connector in cases where commercial connec-

tors do not meet design or operating requirements.

The basic problems in designing or selecting a separable connector are:

(I) Selecting fluid compatible materials to effect a seal.

(2) Design a seal supporting structure which is fluid compatible,

can be attached to the tube, and will force the sealing sur-

faces together under all operating conditions.

(3) Optimize the connector from the standpoint of size and weight.

(4) Insure reliability of the connector in maintaining its integ-

rity and initial sealing characteristics throughout its opera-

tional life.

(5) Provide a maximum fluid leakage rate based on tolerable con-

siderations for its entire operational life.

Materials for use in connectors must primarily be selected on the basis

of their compatibility with the fluids being transferred. Secondly, they

must have adequate material properties at the temperatures and other en-

vironmental conditions to which they will be subjected. Finally, weight,



weldability, low thermal expansion coefficient, low creep, ease of machin-

ing, etc. may be important material considerations in a particular applica-

tion.

The design of a seal supporting structure is a complex task requiring

a detailed theoretical analysis. The details and procedures for such an

analysis are not presented in this Section and the reader is urged to ob-

tain these details from the reported efforts of General Electric (Ref. 14)

and Battelle (Ref. 18). These references outline analytical techniques

based on elastic theory which yield principle stresses and deformations

within the connector structure for the following steady state and transient

input requirements:

(a) Tubing

Material

Outside diameter

Inside diameter

(b) Fluid contained in the tubing

Operating pressure

Constant pressure _.)

Cyclical pressure

Number of cycles of pressure

Temperature

(c) Environmental conditions

Ambient pressure

Ambient temperature

(d) External loads

Constant force and moments

Cyclical force and moments

Number of cycles of force and moments

Following the referenced procedures, most commercially available con-

nectors can be analytically evaluated. Whenever a standard connector meets

all the design requirements it should be used. In the event that commer-

cial designs do not meet the requirements, the techniques described in

References 14 and 18 can be employed to design a new connector particularly

whc_n optimization is requirecl. The references contain an outline for com-

puter programs yielding such information as optimum nut size, thread size,

flange configuration, bolt size, bolt spacing, and other geometrical fac-

tors of threadecl and flanged connectors. It must be noted that the selec-

tion of th_ corr¢_ct connector for a given application is not only a question
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of choosing a connector to meet all of the technical design requirements,

but also a question of the time and economics in making an analysis.

The attachment of the connector to the tube must be structurally sounds

leakproof, and compatible with the fluid contained. The methods which have

been used are welding, brazing, swaging, and high energy rate forming. Weld-

ing is preferable followed by brazing. The connector related aspects of

importance are the generation of contaminants and the possibility of perma-

nent distortion of the connector due to thermal effects.

The sealing or leakage performance of connectors is related to the

operating conditions and the specific configuration. The basic principles

of sealing and analytical techniques for leakage prediction contained in

Section X-5 should be employed in the design and selection of a connector.

Other details of seals are included under the specific topics of threaded

and flange connectors.

To illustrate the occurrence of the preceding design and selection

problems, an arbitrary connector can be considered. The first step in the

design is to select the type of seal and materials. For minimum leakage,

the sealing interface loads can be derived as described in Section X-2.

For example, where sealing is the result of plastic flow, a sealing stress

of about 2.75 times the yield stress is required. Where sealing is achieved

by mating surfaces whose finish is in the microinch range, the material

selection should emphasize wear resistance. Thus the loss in finish, with

repeated use and with the "working" which accompanies assembly as well as

temperature and pressure changes, will be minimized.

Ordinarily once a "seal" has been made, the sealing force may be re-

duced up to about half (the exact value of the reduction will depend on the

sealing mechanism and is best determined by test) before its ability to

maintain "zero leakage" is lost. This consideration governs the seal width

since the initial gasket force must be large enough so proof and operating

loads do not reduce it below the minimum value permitted.

Internal pressure has a major effect on connectors. In many designs,

it causes a reduction in sealing force and, when below a minimum value,

results in increased leakage. A typical example is the conventional flange



coupling shownin Figure XI-9-2. With increasing pressure, p, gasket

compression at A decreases. At a sufficiently high pressure, the gasket

compression has decreased to be equal in magnitude to the internal pressure.

Further increases in internal pressure find the gasket acting as a pressure

relief valve with corresponding large-scale leakage. Recognition of the

effect of internal pressure on gasket compression has let to many"pressure

energized" seals; a typical example of which is shownin Figure XI-9-3. By

allowing the internal pressure to "bulge" the U-shaped seal ring, it is

possible to have the seal pressure (at A for example) increase with internal

pressure, p, rather than decrease.

D
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Fig. XI-9-3 Flange with Pressure Energized Seal

Temperature changes and temperature transients also have a major

effect on connectors. An example of an AN fitting is shown in Figure XI-9-4.

A cold fluid starting to flow through the pipe will cool the inside much

more rapidly than the sleeve, A, or nut, B. As a result, the contraction

of the sleeve and nut will be slower. The sealing stress will thereby be

lowered with increased possibility of leakage. Another example is the

flanged connector shown in Figure XI-9-2. Here the flange, A, could coo[

more rapidly than the bolts, B. As a result, the gasket load will be re-

duced and leakage made more likely. Again, recognition of the effect of

temperature change in causing contraction or expansion has resulted in the



B

Fig. XI-9-4 Schematic of an AN Flared Fitting

design of "temperature-compensated" connectors. Figure XI-9-5 shows a flange

connector with a sealant material confined between the flange and an invar

ring. During cooling the sealant contracts proportionally more than the

flange material. The invar ring, since it contracts less, tends to compen-

sate for this excess and keeps the joint tight. Since the coefficients of

expansion may vary substantially with temperature, true compensation is

seldom achieved. Bending forces due to vibration or otherwise, tend to open

one side of the connector and close more tightly the other side.

Other environmental effects include radiation, erosion by the fluid

flow, water-hammer, high vacuum, etc.

A successful connector in a given environment must, therefore, be cap-

able of withstanding the environment and simultaneously produce sufficient

sealing interface contact loads without detrimental stresses or deformations.

The preceding conditions can only be achieved through a systematic theoretical

analysis of the connector to determine such factors as thread size, wall

thickness, bolt sizes, etc.

Fig. XI-9-5 Temperature-Compensated Flange Design



Threaded Connectors

The current commercial threaded connectors can usually be grouped as

flared-tube, swaged-tube, or flanged-tube connectors.

The flared-tube connector, such as the AN variety shown in Figure XI-9-4,

is subject to: high leakage rates unless a soft gasket is used, gross deforma-

tion due to excessive hoop stress in the union when it is overtorqued, and

fatigue failure at the root of the flare.

To overcome some of these problems, NASA Marshall Space Flight Center

developed the "MC" fitting. Basically the "MC" fitting, as shown in

Figure XI-9-6 is a high-quality version of the conventional AN fitting.

The surface finish, roughness and degree of ovality are rigidly controlled

by the "MC" specification, MSFC-SPEC-143. In particular, the union fitting

must meet the following limits:

(i) The conical sealing surface must be round within the follow-

ing tolerances:

a. In 360 degrees the maximum deviation must not exceed

0.0003 inch.

b. The maximum rate of deviation shall not exceed O.OOO10

in/15 degrees of the arc.

(2) The conical sealing surface shall not exhibit concave areas

but may exhibit a convex configuration of a concentric

nature, but not to exceed 0.0005 inch.

(3) The final sealing-surface finish shall have a maximum crest-

to-valley profile of IO to 14 microinches for steel and 22 to

30 microinches for aluminum alloy.

The sealing surfaces are inspected for freedom from such defects as tool

chatter marks, scratches, handling marks and ridges.

The rated torques for each size fitting are also specified. There is

given a minimum and maximum rated value with provisions for increasing the

torque to 150 percent of the maximum rated value in order to improve leak-

tightness during test. In addition to the preceding specifications, a

special flaring tool was developed at MSFC to control tolerance even closer.

A series of tests on 1/2", 3/4", and I" fittings using this tool were

conduct_d by General El+,ctric (Ref. 20) and led to the following conclusions:

3
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(I) Leak-tight connections were obtained only in a few cases

when gross deformations of the union resulted in a new

sealing surface geometry featuring uniform contact with a

small contact area. This new sealing geometry and high

sealing pressure could be obtained only for stainless

steel connectors with high strength sleeves.

(2) Connections not showing gross deformations of the union

leaked due to non-uniform sealing pressure. Also the

magnitude of the sealing stress when distributed over

the whole union sealing area is below the yield stress

of the connector materials.

(3) The general leakage level of the "MC" flared connector,

when pressurized with helium to 15OO psi, is 10 .4 to 10 .2

Cc/sec.

(4) The high-quality, smooth sealing-surface finish is an aid

in reducing the leakage area but, high sealing stresses

are necessary to obtain leak-tightness.

(5) The "MC" specification for union surface flatness is not

necessary since the union becomes concave on the first

torquing operation due to yielding in the hoop direction.

(6) The special flare process gives a circumferential direc-

tional surface finish, but no improvement in crest-to-

valley roughness or leakage was evident.

(7) The sealing pressure was not uniform around the fitting.

Each time a flared connector is assembled, leakage paths

are produced by the ovality of the mating parts.

(8) The leakage level increased with connect-disconnect tests

of aluminum fittings, and the sealing surfaces became very

rough. When the stainless steel fittings were reassembled

with the same parts, the leakage level and the local surface

roughness did not increase, although the sealing surfaces of

the unions were grossly deformed.

(9) Plating the union sealing surfaces decreased leakage, but

did not seal in many cases since the sealing pressure was

not uniform.

(IO) The leakage-pressure relation was linear.

(11) Torque relaxation was not a problem.

(12) Antifriction bearings on the shoulder of the nut prevented

burring.

Insertion of Voi-Shan crush washerq, as shown in Figure XI-9-7, improved the

leak-tightness of flared connectors. The Voi-Shan washer was developed to

patch leaking flared connectors. Since the sealing pressure is often be-

low tile yield stress of the fitting materials, the use of a gasket with a

low yield stress should provide some improvement.
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Another method of improving the AN fitting has been to incorporate an

elastomeric "O"-ring in the flared surface as shown in Figure XI-9-8.

Union I

Fig. XI-9-7 "MC" Fitting with Voi-Shan Washer

I Sleeve

Tube

_--"O" Ring

Fig. XI-9-8 AN Fitting with "O"-Ring

The swaged-tube, like the flared tube connector, is subject to leakage

unless a gasket is used and to fatigue failure in the swage. The flanged-

tube connector is subject to leakage unless a gasket is used and to fatigue

failure where the flanged section is attached to the tubing. An example of

a flanged tube connection is shown in Figure XI-9-9. This connector is the

AFRPL fitting developed by Battelle (Ref. 18) for the Air Force. Detail

designs and preliminary MS standards have been prepared for the connector

although it is not commercially available. Reference 18 also contains a

systematic performance analysis used in the connector design.
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Fig. XI-9-9 AFRPL Flanged Tube Connector

General Electric (Ref. 21) is in the process of designing, manufactur-

ing and evaluating a threaded connector for 3/4 inch tubing utilizing the

super-finished surface sealing principle (see Section X-4). The connector,

shown in Figure XI-9-10 is being designed for 6000 psi internal pressure.

The connector material is fully hardened A-286 which is electron beam

welded to the tubing.

Other types of threaded connectors are those employing a bite type of

ferrule which is impressed into the tube to form a seal and simultaneously

axially retain the tube. To completely assess the merits of these connec-

tors is difficult. Because the ferrule plastically deforms the tube to

provide a seal and attachment of the tube to the fitting; it is felt that

the performance is equal or less than the AN fitting.

Bolted Flange Connectors

Flanged connectors are used for joining larger sizes of pipes while

threaded connectors are used for smaller sizes. Ordinarily the change

over from one type to the other occurs at a diameter of about one inch.

The transition is dictated by torque requirements on the bolts. If flanged

connectors are used for very small pipes, the bolts become too small for

reliable torquing. On the other hand, if a threaded connector were used for

very large pipes, the wrenches would need to be unreasonably large. In very

high-pressure systems the axial loads are so high that the transition from

tube to flange connectors might occur at sizes below one inch; while, with

very low pressures the size could be somewhat greater than one inch.

-Gv%-



Tubing --_

EB-weld

Flange _[ -

Nut

Outer

Flange _ •

Seal Surface

I

• . Iil

Outer

Out, Union _-_

Ring

Inner '
Protection

Rings

Union _ ._

Union

Wrench

Flats

Approximate Scale:

3:1

:[
I

I
I
r
d

r-"

I

L

U

Fig. Xl-9-10 Tube Connector Utilizing Superfinished Surface

Sealing Principle (Ref. 21)



Most flange connectors retain a separable sealing element which is

pressed by tightening of the bolts. The simplest case is shown in

Figure XI-9-2 where the seal is a flat gasket. As mentioned earlier in

this Section, the gasket transmits all of the loads produced by the bolts,

external forces and tube restraints. Consequently, deformations due to

pressure and thermal effects tend to reduce the seal contact loads and,

hence, leakage. To overcome this problem, a connector is usually designed

in a manner so that only a fraction of the total loading due to bolts and

external forces is transmitted through the sealing element. This is accom-

plished by providing flange contact in addition to the seal contact. Two

locations of contact are shown in Figures XI-9-11 and XI-9-12. The ASME

code contains design criteria for flanges with contact inside the bolt

circle. However, this code is not suggested for use in aerospace flange

design. It is suggested that Reference 14 be reviewed before a selection

of connector geometry is decided upon.

The choice of a seal often determines the assembly preload and the

load to be maintained under various operating conditions. Non-pressure

energized seals are usually employed when the flanges do not contact.

Pressure energized seals are used when flange contact is permissible. The

choice of a seal depends upon the leakage requirements and the seal load

matching with the structural design of the flanges. Many of the seals des-

cribed in Section XI-6 can be used as connector seals. For flange reusa-

bility it is important that the seal material be softer than the flange

material.

3
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Fig. XI-9-11 Flange Contact Inside the Bolt Circle
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L._ Seal Cavity

Fig. XI-9-12 Flange Contact Outside the Bolt Circle

Semi-Separable Connectors

In separable fluid connector design, one of the major problems is

that of maintaining the necessary sealing stresses on the mating components

throughout the life of the connector. The compressive load which effects

the seal, whether it be imposed on a metal gasket, a seal having its own

..... _ f!_xAb_1_ty, or _ rnmpn_r_ mater_l seal such as a soiral wound

gasket, is of such a magnitude as to cause plasticity in the sealing area

so that the true flexibility of the seal is often not known and in all

cases is qu_te slight. Because of this_ loss in bolt load due to relaxa-

tion, the vibration environment, and the temperature extremes or transients,

_g_ten causes loss of sealing. Thus, interest is aroused in fluid connectors

having the attribute of being truly zero leakage connectors possessing the

characteristic of being insensitive to bolt load reduction. However, with

these advantages come the disadvantages of more effort being required in

assembly and disassembly. For connections which need be opened only a

small number of times, or not at all except for repair functions, such ad-

vantages outweigh the disadvantages.

When the idea of semi-permanence is opened to the fluid connector

designer, many new concepts become available. Explosive welding, magnetic

forming, pressure welding, and many other techniques are at least possible

for forming the seals, the structural junction, or in some cases, both.

Two flanged fluid connector designs having the intended capability of being

insensitive to bolt load reduction during their operational lives are des-

cribed herein. Other than this design goal, £he designs have little in

-



co_on. One design, that of the omega seal, is not new. It has been used

for applications other than aerospace for some time. The second design

uses a diffusion bond, which is not new to the aerospace industry, but is

new in connector design. Each design has its own area of application in

the aerospace field, each has its advantages, each certainly has disadvan-

tages. In order to be made ready for utilization in any given fluid sys-

tem, these connectors would have to be developed beyond their present stage

of design shown herein.

Each of the designs described in this Section has been brought to its

presentdesign state under the sponsorship of the National Aeronautics and

Space Administration, References 21 and 22. Neither the configurations nor

the specific dimensions are considered optimum. By design techniques now

available (Page XI-9.9 ) they can be improved.

Four semi-separable connectors considered in this Section are the omega,

diffusion bonded, the Parker "X" and the cold weld flange seal.

The omega seal, shown in Figures XI-9-13 and XI-9-14, incorporates a

hermetic seal by the fusion welding of two segments of a thin toroidal

shell about the periphery of the connector. In order to make and break the

seal, special welding and cutting equipment is required. Since an alternate

load path exists for the compressive loading across the connector and that

the toroidal omega seal has flexbility, the system has the ability to with-

stand flange displacements and rotations. Detailed features of the seal

can be found in Reference 21.
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Fig. XI-9-13 Typical Omega Seal

Configurations
(Ref. 21)

Fig. XI-9-14 Omega Seal Connector

Schematic (Ref. 21)



The second design, that of using a diffusion bond as the hermetic

seal, allows the seal to be made in the field by the application of moder-

ate heat and bolt stress. Reference 22 describes a bonded flange connector,

shown in Figure XI-9-15, in greater detail. It was designed for 6000 psi

service at temperatures ranging between -450 ° and +lOO°F.

Diffusion

Bond --

loating Flanges

_347 S.S.

_oi_

Fig. XI-9-15 Diffusion-bonded Connector

Schematic (Ref. 22)

The third device is a swaged connector union described in Reference 21.

This Parker Aircraft Co. connector concept is adaptable to all of the typ-

ical fitting shapes: unions, tees, bulkhead, boss, etc. and to all sizes

of lines from 1/4 inch to the largest diameter duct currently visualized

in vehicle design. As a union for tubing, the connector parts consist of

two identical sleeves and a collar as shown in Figures XI-9-16 and XI-9-17.

The collar contains the seal and also forms the semi-permanent connec-

tion by swaging the outer surface of the collar. The connector can be dis-

assembled by a special cutting tool.

A cold welded sealing interface connector, shown in Figure XI-9-18 is

presently being developed by General Electric Co. (Ref. 21). The connector

is composed of flange retaining members to provide a minimum transmission

of load between tube sections. The seal is formed by two thin 2S aluminum

plates welded to tile flanges. Two dies, as shown in Figure XI-9-19, are

inserted between the flanges and the plates are pressed together forming

a leak-proof cold weld seal. The dies are then removed and the flanges

are bolted together to complete th_ assembly. Because the seal is not load
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Fig. X1-9-16 Swaged Connector Union, Unassembled (Ref. 21)

Fig. XI-9-17 Swaged X-fitting (Ref. 21)

dependent, the maximum bolt loads need only be sufficient for structural

and pressure loading. Because few materials which cold weld in normal

environments have been investigated, the concept requires further develop-

ment work. The corlnector can be disassembled with a specia! cutting tool.



Fig. XI-9-18 General Electric Cold Welded

Connector Seal
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Xll- i INTRODUCTION

Gas may be stored in a pressure vessel to provide a media to perform

such functions as attitude control, the pressurization of a propellant tank,

to aid in restart capabilities, or the actuation of systems by operating a

piston in a cylinder or a turbine. Whenthe internal gas pressure falls

below someminimum, the residual gas is not useful. The amount wasted

in this way depends on the temperature of the residual gas, which in turn

depends on the thermodynamicand"heat transfer conditions of the pressure

vessel. For somepurposes the pressure during the whole delivery cycle

should be maximized. A design objective is to obtain the desired perform-

ance at the minimumcost or the minimumweight.

The following presentation begins with calculations of performance for

somesimplified cases, showing the nature of causes of inefficiencies.

Somee[ficieneies J,re then defined. More detailed performance calculation

methods are then presented.

A pressure vessel must be designed in conjunction with the design of

the system in which the gas is to be used, and the expansion device which

conn=cts it to +4_,=......_v_._..... Th=..._arrangemen_of these Darts. of the system

is shown in Figure XII-I-I. The gas receiving system may consist of a propel-

lant tank, the atmosphere, or the space vacuum. The expansion device may

include a pressure regulator, throttling valve, orifice, nozzle, on-off

valve, turbine, piston-cylinder, pipe, and heat exchanger, or any combination

of these elements. The equations governing each element may differ depend-

ing on the regime of operation so that a complete presentation of all

possible combinations is beyond the scope of this Section. Someexamples

are given, and the general design priciples governing the performance of

a pressure vessel are presented.

Oneway to separate the effects due to each part of the system is to

define the requirements of the gas receiving system in terms of a duty

cycle. A primary independent variable for design of the pressure vessel

is the quantity of gas removed. The duty cycle must specify the quantity

of gas required over a given time schedule and it may include upper and
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lower pressure limits. Usually the duty cycle may be calculated from the

equatioJ_s governing the gas receiving system and the desired performance

of that system. Examples of such calculations will be given here only

for the simplest gas receiving systems.

The two remaining parts, the pressure vessel and the expansion device,

may be considered together as a system if it is desired to calculate condi-

tions of the deliverable gas and associated heat and work. The pressure

vessel or its contained gas may be considered as a separate system if con-

ditions of th_ residual gas are to be calculated. We begin with this

simplest system.

In some cases the rate of withdrawal of gas is Unimportant, and only

the amount withdrawn deter_ines the gas conditions. This is true if heat

transfer through the wall of the bottle keeps the internal gas at constant

temperature. Then by Dalton's Law the pressure of the gas is proportional

to the amount of gas remaining. If half of the gas is withdrawn, the pres-

sure is halved. Such isothermal expansion is observed only when the gas

is withdrawn slowly over a long period.

Another simple situation occurs when heat transfer through the tank

wall is negligible. In this case the expansion of gas in the tank is adia-

batic. The temperature of the residual gas is less than the initial gas

temperature because the residual gas does work to push gas out of the tank.

)



The condition of the residual gas can be calculated by defining the resid-

ual gas as a system. For example, the residual gas could have been placed

within a balloon inside the tank, so that during venting it expands to

just fill the tank. Because the gas in the balloon expands against its own

pressure it does the maximum work possible in the sense that there are no

dissipative effects or friction. Then when the gas expands adiabatic-

ally the expansion is also isentropic. Tribus I presented a detailed analy-

sis of a simple problem of this type, which may be consulted for a thorough

understanding of the basic principles involved.

-



Xll-2 STORAGE EFFICIENCY

An efficiency can be defined corresponding to each use or objective.

The efficiency is a rating of the performance of the gas stored in the

pressure vessel compared to the performance of some ideal system, and is useful

as a guide to further design improvements. Eff_ciencies also provide a

convenient representation of performance data. When several alternative

system designs are being considered, an efficiency may be the only common

basis for comparison. In some cases efficiency may be estimated, thus

providing an indirect way to estimate performance. A more precise prediction

of performance requires the inclusion of addition effects (i.e. heat transfer,

stratification, nonideality_ in the calculation, and then it is just as

convenient to focus attention on the calculation of performance rather than

efficiency.

Definitions

There are several ways to define storage efficiency that have meaning

for space applications. A weight storage efficiency may be defined as:

Mass of recoverable gas

Mass of filled pressure bottle

A recovery storage efficiency may be defined as:

Mass of gas recoverable above a useful pressure

Mass of gas originally in the bottle

A work storage efficiency may be defined as:

Work produced by the gas in a real expansion device

Reversible work which the gas can do under ideal conditions

-&qo-



A thrust efficiency can be defined as:

Impulse produced by the gas in a real nozzle

Impulse produced under ideal conditions

The thrust efficiency times the weight efficiency is the thrust-weight

efficiency. A pumping efficiency, , discussed in Part 5, is defined as

VI(P - Pf)
= 0

V P
p 2

where

V 1 = volume of the pressure vessel

P = initial pressure in gas tank
o

Pf = final pressure in gas tank

V = volume of liquid propellant expelled
P

P2 = pressure in the propellant tank, usually regulated
to a constant value

These definitions relate actual performance to ideal performance. In

some instances it is still necessary to define this ideal. The ideal

should be a limiting case which can only be approached in practice.

The isothermal process for an ideal gas is usually the best performance

that can be achieved. We propose to use this process as the datum for calculating

efficiencies. Then, for example, the work storage efficiency is:

Work done by vented gas

Work done by vented gas in an isothermal process

Examples of efficiency calculations are given on page XII-2.3, and

other values may be deduced from Figures XII-3-1 to XII-3-9.



Weight Efficiency

The determination of weight efficiency requires knowledge of the mass

of the gas and the mass of the pressure vessel itself. The mass of the gas

is given by

M = V 1 P (i)

where

V I = volume of pressure vessel, cu-ft

pl density of gas at initial pressure, Ib/cu-ft

Pl may be determined from the graphs in Section XV.

The mass of a spherical pressure vessel may be roughly computed from

the following formula derived by Ring2

M 3
s - 2 Ors PIVI

(2)

where

P = density of sphere _all material

_r s -- allowable stress of wall material

The weight efficiency may then be calculated from:

Weight efficiency - M

M

÷M
s

(3)

Substituting equations (I), (2) and the ideal gas law into Equation

(3) gives :

I

Weight efficiency = 3 P RT
s

i+
_m
s

This equation clearly shows the effect of several parameters on weight effi-

ciency. It should be kept in mind that other efficiencies such as work

efficiency are important too. The effects of some of these parameters on

efficiencies were discussed by Ring 2. Some numerical examples given in

- &ql-



Table XII-2-1 show the greater weight storage efficiencies of liquified

gases over noncondensable gases.

Table XII-2-1

WEIGHT STORAGE EFFICIENCIES

"NON-CONDENSABLE" "CONDENSABLE" GASES

GASES 15OO psia, 500 psia max.

12" Ti TANK, 4.0 Ib 12" Ti TANK, 2.0 Ib

GAS W.S.E. GAS W.S.E.

Hydrogen 0.06

Helium O.13

Nitrogen 0.49

Propane 0.89

Ammonia O.91

Water 0.94



XII-3 THERMODYNAMICSOFPRESSUREVESSELBLOWDOWN

General Equations

The general equations for blowdown can be derived if we focus atten-

tion on the gas in the tank at any time. The definition of entropy for

a pound of this gas is

Tds = dQ (4)
M

where

T = temperature, OR

s = entropy, Btu/Ib-°R

Q = heat flux from the wall of the tank to the gas, Btu

M = number of Ibs of gas in the tank

It is assumed that all of the heat transferred is distributed uniformly so

that all portions of the gas have the same temperature.

We can expand ds

V

where

v = specific volume, cu-ft/Ib

The first term reflects the change in internal energy due to the work

which the gas does in pushing other gas out o_ the vessel. The second

term reflects the change in energy due to change in temperature.

Using the Maxwell relation

_v T v

(6)



and the ideal gas law

where

we obtain

RT
Pv -

m

m = molecular weight of gas

R = gas constant

From the definition of heat capacity at constant volume

dQ = Mc dT
V

where

c = heat capacity at constant volume, Btu/Ib-°R
V

Equation (I) becomes

==__v
T

V

By substituting Equations (8) and(lO) into Equation (5):

C

ds = R dv - _XdT
mv

Equation (3) then becomes

ds R dv v dT dQ
MT _ = MT =de T dO

where

(7)

(8)

(9)

(IO)

(11)

(12)

ii)

@ = time, hrs,

Let the volume of the vessel be V cu-ft. Then

V
V -

M

i dv 1 dM

v d@ M d@

- 6q5"-
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(14)
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and Equation (12)becomes

RT dM + Mc dT dQ
_- d-O v d'-e= dO (15)

This is the differential equation giving the temperature of the gas

in a container when gas is withdrawn and there is heat transfer. A similar

equation can be derived for the pressure change

Mc

dM v dP i dQ I16)
-C --+

p dO P d0 T dO

where

c = heat capacity at constant pressure, Btu/ib-°R
P

In the adiabatic case dQ = O. Equation (16) then integrates to the

well-l_n_wn equation:

or

= constant = P

where

PM -y = constant

Y= C /C

p v

Equation (15) integrates to

Numerical Examples

T2 R M2

- log _Ilog TI mCv

(17)

(18)

(19)

(20)

Helium is withdrawn from a pressure vessel without heat transfer from

the walls to the gas. The initial pressure is 3000 psi and the final

pressure is 30 psi. The initial temperature is 530°R. Represent initial

conditions by subscript o and final conditions by subscript f. The quan-

tity of gas remaining is deduced by putting Equation (18) in the following

form: __oo=P (Mo_Y
pf Mf I (21)



For helium y= 1.67,
p M
0 0

--= I00, SO - 15.9

Pf Mf

The fraction of gas remaining is 6.3%, so the recovery efficiency is

93.7%. The final temperatuce is calculated from Equation

T---_I= ! log 15.9

log T2 3

T I = 6.4T 2

b

T 2 = 83°R

As another example consider the same problem assuming isothermal

conditions. Then the fraction of gas remaining is proportional to the

pressures. The ideal gas law can also be written as

MRT
PV-

m
(22)

Since V and T are constant,

P1 M2

P2 M1

- 0.01

and

M 2 = O.OIM 1

Therefore the recovery ef£iciency is 99%.

The ideal gas law is not valid under the conditions of this problem.

For many tank blowdown problems the assumption of constant heat capacity

during integration of Equations (15) Ind (16) is not valid either. A more

general presentation is given in Part 4. In the next Part the effect of

heat transfer is analyzed, retaining these simplifying assumptions°

Blowdown with Heat Transfer

The analysis and results presented in this Section are taken from a

3
report by Reynolds and Kays .



In this presentation the following simplified model
of the gas receiver is employed:

l/ / • .

_.'.7
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'////////////////
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Fig. XII-3-1 Gas Receiver Model

The thermal capacitance of the receiver walls and any in-

L_ri_r sLructure is "lumped" into a siugle capacitance in-

dicated by _!_[, thermal resistances are indicated

by N , and adiabatic surfaces are indicated by Z_Z_Z_Z.

]'he general differential equations governing the thermo-

dynamic behavior of blowdown and charging systems, as

represented by this model receiver, are developed in de-

tail. These equations are solved generally for the

case of constant mass flow. The solutions obtained

are iiJ _ries euL.i, m_u aL_ ZmLU_L dif_zcu_t to use

for engineering design_ r--_n"r_°ses. However, _..o_=.....,,==-

fu! closed form solutions can be obtained for certain

limiting cases. Solutions are presented for both blow-

down and charging at constant mass f]ow for the following

special cases:

I. Isothermal (slow flow rate or low heat

transfer resistances)

2. Adiabatic (high flow rate or high inside

heat transfer resistances)

3. Heat transfer from an isothermal source

(infinite capacitance of receiver walls)

4. Inside resistance negligible

In addition to these closed form solutions, a sol-

ution obtained by numerical methods for blowdown through

a critical flow nozzle with heat transfer from an isother-

mal source is presented. Criteria for the appli-

cation of each of the special solutions are developed;

these criteria give the magnitudes of the various system

parameters necessary to closely approach the idealized

behavior. All solutions are presented both algebraically

and graphically in nondimensional form, and give the

temperature and pressure of the gas in the receiver as

functions of the mass contained therein.

The heat flux from the vessel wall to the gas may be expressed in

- 6q_-



terms of the temperature difference:

Q

dO qi -

T - T
C

R,

1

where

qi = heat flux at inside of vessel wall, Btu/hr

R. = inside resistance to heat transfer, hr-°R/Btu
I

For an ideal gas the two heat capacities are related bv

R

Cp - C v =

Substituting Equation (24) into Equation (19):

(23)

(24)

R
-y-i

mc
V

(25)

Substituting these expressions in Equation (15) gives

T - T

MdT dM c!______
= (y- I)T_ +-R.c

i V

(26)

The heat transfer between the gas and the vessel walls must also be

considered. An energy balance on the vessel walls gives

dE dT
C C

d0 - Cc_- = q_" qi

(27)

where

where

E = energy content of vessel wall, Btu
C

C = heat capacity of vessel wall, Btu/°R, assumed constant
c

T = temperature of vessel wail, OR
c

q_= heat flux on outside of vessel wall, Btu/hr

T - T
_ C

q0o - Ro° (28)

T_ = temperature of environment, OR

R_ = outside resistance to heat transfer, hr-°R/Btu

--- 6qq-



Substututing Equations (23) and (28) into Equation (27) gives

c_ T i i TcdO R.C " R C
I (2 OOC

Now since

dM
W -

dO

(29)

where

and

w = flow rate, Ib/hr

dT dT dM dT

d - dM d - -w d--M

dT dT dT
c c dM c

-- -- -W
d0 dM d@ dM

Thus Equations (26) and (29) may be written as

dT [( lIT_ IT= OM_-_ - y- I) + R.c w R.c w c
i V 1 V

dY
C

dM
i__ I + i T + r +
C c RCw RCw
c z i c 0oc

- O

(30)

(31)

Equations (30) and (31) form a pair of dif-

ferential equations coupled in zero derivatives, with

T and T as dependent variables and M as the single

independent variable. The instantaneous flow rate,

w, is presumed to be describable as a function of

temperature and mass. Expressing these equations in

nondimensional form allows certain simplifications.

The following dimensionless groupings are chosen.

T = T/T (first dependent variable)
. O

T = T /T (second dependent variable)
C 12 0

M = M/M (independent variable)
£)

w = w/w (known function of T , M )
(3

T -- T /T (system parameter)
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l
NTU = ---

R.cw
i v o

_A).
i

w c
o v

l

NTUo= =
R_CvW o

C

C* = c
o M c

o v

w c
o v

(system parameters)

The physical significance of the first 5 of these

terms is readily apparent. The NTU groupings rep-

resent dimensionless conductances (reciprocal of
resistance) and also serve as a measure of the

rate of the process. The symbol NTU represents the

"number of transfer units" of a particular heat

transfer surface. The C* parameter represents the
o

ratio of the capacitance of the receiver wall,

structure, etc., to the initial capacitance of the

gas. Note that the choice of parameters is such

that the resistive and capacitive elements of heat

transfer are separated.

Equations (30) and (31) may be expressed in

terms of the dimensionless quantities as follows:

w'M* dT* [ ]dM--_ - ( Y- l)w* + NTU T* + NTU T*c = O (32)

dT*
w* c 1 F

d_- C-_c L NTU_
+ NTU 1 T* + 1 1 NTU_T. = Oc C--_ NTU T* + C-"*

o o

(33)

Differentiation of Equation(32) with respect to M*,

followed by suitable algebraic manipulation, allows

Equations (32) and (33) to be combined to yield a

single equation in _ = T*(M*). This equation,

which represents the general differential equation

for blowdown, may be expressed as follows:

w.2M. d2T * [dw* M* ]
+ M* + w*(2 - y ) - NTU - (NTU + NTU_ ) w* dT___**C-* dM*

dM.2 o

i[+ C--"7 ( y- 1)w*(NTU + NTUoc ) + NTU NTUoo "
o

NTU NTU_

C* T_ = 0
o

.dw* ] T*w*( Y - lJ_-_

(34)
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as

The initial conditiens to be employed in the integration
are as follows: at M* = 1

a) from the definition of the dimensionless variables,

T*= I

b) from Equation (32),

where T*
c

tance, o

dT* = y I + NTU - NTU T*
dM* c

o

denotes the initial temperature of the capaci-

In a similar manner Eqs. (32) and (33) may be com-

bined to give a single second-order equation in T*.
c

This is not presented here because it is felt that T* is

the dependent variable of primary interest.

As stated previously (p, XII-3.4) the ideal gas law can also be written

PV = _ RT (22)
m

both for initial and instantaneous conditions, from which it can be

shown that

P_ - u_" T* (35)

Once T* is known the pressure may be calculated from Equation (35) without

the use of Equation (16).

Solutions of the Blowdown Equations for Constant Mass Flow Rate and Con-
stant Heat Transfer Resistance

Reynolds and Kays (Ref. 3) showed that Equation (34) could be solved

analytically for the case of constant mass flow rate. The results were

giw_n in terms of the confluent hypergeometric functions. For details the

original report should be consulted. Some results are given in Figure

Xll-3-2.

It is unfortunate that for certain ratios of transfer unit to capaci-

tance the solution in series form converges slowly or diverges. Another

difficulty is that for integer values of the parameter 2 - y - NTU singulari-

ties occur, making the series solution invalid. Because of these difficulties

in applying the general solution, and because of unrealistic assumptions

•-. 3oZ:-
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Fig. X11-3-2 The General Solution for a Few Cases of Blowdown

at Constant Mass Flow (Ref. 3)
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made in its derivation, calculation of further results beyond those

presented by Reynolds and Kays is not recommended. Instead, a numerical

approach suitable for a computer is presented in Part 4.

Solutions For Limiting Cases

In many systems of technical interest the mag-

nitudes of the system parameters NTU, NTU , and C*o
are such that approximate closed form solutions may

be employed without introducing any serious error.

For example, if the capacitance is large and the process

occurs at a fairly rapid rate the temperature change

of the capacitance might be negligible, in which case

considerable simplification is obtained. On the

other hand, if the process is very rapid the amount

of heat transfer might be sufficiently small that the

process could be called adiabatic.

In this section solutions are presented for

a number of special cases of blowdown. These

solutions may be obtained by simplification and

integration of Eq. (34), and the constant flow solutions

by direct reduction of the series solution.

Reynolds and Kays also developed these special solutions from basic prin-

ciples.

Criteria are established for determining what v_1,,_

of the parameters give essentially "limiting value"

behavior. Typical numerical magnitudes of the various

parameters as they might be found in systems of

technical interest are presented, and in some of the

solutions are compared with experimental data recorded

during the blowdown of a gas receiver. While it is

not necessarily true that all engineering systems in-

volving blowdown processes may be treated with

these s1_ecial soluLions, a good many systems can.

Isothermal Blowdown

Isothermal behavior is obtained if C* = _ and

NTU = _, or if NTU = _ and NTU_ = _ . Th_ first

obtains in receivers having large thermal Capacitance

(C) accompanied by a high value of inside (_A), and

th_ latter in systems where the mass flow is ex-

tremely slow. The first might be the case of the

receiver for a blowdown wind tunnel, where the

receiver is partially filled with material having

large thermal capacity and heat transfer area

for the purpose of obtaining a near-isothermal blow-

down. The latter would be the case of the discharge

--_ _W-



of an oxygen storage tank for use by oxy-hydrogen

flame cutting apparatus. These two cases may be

represented by the simple receiver models shown below.

.,_/// // //// /// /_

""i N,.f
Case 1

T

S/I/, "//////lli/.

.° ..°o

. ,, '+o" ,

• :.o

:,::-'c i / ///i.//__I"
" 2':'.'

/il,'l

Case 2

Fig. XII-3-3 Simple Gas Received Modelj, Case i- Large
Thermal Capacitance and High Valve of _'ZA), Case 2 -

Extremely Slow Mass Flow (Ref. 3)

For isothermal blowdown the temperature-mass and the

pressure-mass functions come directly from the perfect

gas equation of state, pV = M(R/m)T, and are simply

Equations (36) and (37) are shown by Fig. XII-3-4.

The magnitudes of NTU and C* necessary to obtain

essentially isothermal blow'own are discussed in

a later part of this section.

Adiabatic Blowdown

The common method of analysis of blowdown systems

is to assume that the process is adiabatic. Adiabatic

behavior is usually obtained in systems in which the

blowdown is extremely rapid, such as the cylinder

of an internal combustion engine during the early

stages of the exhaus_ process. However, if the in-

side of the receiver wall is lined with an insulator

such that the gas is insulated from the thermal effects

of the wall capacitance, a blowdown approaching

adiabatic blowdown may be obtained at relatively

slow mass discharge rates. In either case the effect

is to make NTU small. Thus the simple receiver model

for adiabatic blowdown may be represented as shown

(36)

(37)

)
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Fig. X11-3-6 Simple Receiver Model for Adiabatic

Blowdown (Ref. 3)

Since there are no heat transfer rates to consider

it is not necessary to specify mass flow rate.

The equations for the adiabatic case have already been given as an example,

page XII-3.3.

The temperature-mass and pressure-mass functions

are shown in Fig. XII-3-5 for a wide range of values of

y. Note the significant dependency of T* on _, and

the relative independence of P* on _ . For the pur-

pose of plotting the more complicated solutions, _ will

be taken as 1.4, but it is well to bear in mind that

is a parameter of significant importance.

Blowdown At Constant Mass Flow With Heat Transfer

From An Isothermal Source

In many systems the thermal capacitance of the

metal receiver walls far exceeds the thermal capacitance

of the gas. In this case the temperature change of the

walls is much less than that of the gas, and it might be

expected that a solution for the limiting case of C* =_ ,
o

i.e., where the sole heat transfer occurs between the gas

and an isothermal source, would be applicable. This is,

in fact, an extremely useful solution. A less important

situation occurs when the capacitance is very small, such

that the heat transfer occurs directly between the gas

and the receiver environment. In this case also, the heat

transfer occurs effectively between the gas and an iso-

thermal source.

--707-



Because a heat transfer rate is involved

it is necessary to specify the mass-time variation_

The infinite capacitance solution is developed here

for the case of constant mass flow rate, and in a

following sub-section for blowdown through a critical

flow nozzle,

Simple models for blowdown receivers discharging
at constant flow under the two conditions are shown

below:
4

Case l

Case 2

///

-,_L 7,:

:'. C':

r_ =

_'/_/_/ // / ///

_._-'J__LZ_///////

I. F.

/// /, .. - ,

Fig° XII-3-7

of the Metal Receiver Wall g_eatiy exceeds that of the Gas.

Small Heat Capacitance of Receiver Wall (Ref. 3)

Simple Gas Receiver Models for, Case 1 - Thermal Capacitance

And Case 2 -

The solution was developed in terms of the first

of these cases, and may readily be extended to the

nomenclature of the second° The model is shown

below:

::T _ii!'

LT!i !
• .." _..i.. 4.

,".."/'////////_/

,M

I td.l7ll lii,,Jt IIIl illl,

Fig. XII-3-8 Simple Gas Receiver Model for Blowdown at Constant Mass Flow

with Heat Transfer from an Isothermal Source (Ref. 3)



The result is given in terms of dimensionless parameters:

T* =

(y- I + NTU - T*NTU)M *-'I+NTU_¢ + T*NTU
¢ C

- i + NTU

(38)

and

P* = I'*
T*NTU - ( y- 1 + NTU)T*

C

T*NTU - (_ --1 + NTU)
C

- I+NTU

(39)

Note that for NTU = O Eqs. (38) and (39) reduce to the

adiabatic expressions. For NTU = _ use of L'Hopital's

rule for indeterminant forms reduces Eqs. (38) and (39)

to the isothermal relationships of Eqs. (36) and (37).

It should be noted that even for this simple case where the source is

isothermal, the relationships between the temperature and mass and

between the temperature and pressure of the gas remaining in the vessel

do not correspond to expressions involving a polytropic expansion coef-

ficient k except when the number of transfer units is zero or infinite.

Values for the exponent, k, in expression of the sort shown below cannot

be found which correctly describe the PVT behavior of the gas remaining

in the tank.

p/pk P/M k or T/M k-I = constant

The temperature-mass and pressure-mass rela-

tionships are plotted in Fig. Xli-3-9 for T* = I.

Note that the temperature function is asymptotic and

shows a considerable effect of heat transfer. The

solutions for NTU = 1 and 2 are compared with sol-

utions for similar v_ ues of NTU but finite values of

the C* parameter in Fig. XII-3-2. The values of C* used

for t_is comparison are evidently not sufficient t_

give infinite capacitance behavior. The criteria

for infinite capacitance behavior are presented

on page Xli-3.21.

The influence of the temperature of the isothermal

source, T*, on blowdown at constant mass flow is shown

by Fig. X_I-3-_. Note for T* = ( y- I + NTU)/NTU the

temperature is independent o_ mass, and an isothermal

-'70q-
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blowdown results. For large values of T* it is even

possible to experience a rise in temperature during

blowdown. It might be suspected that the asymptote

of the temperature function is the capacitance temp-

erature, but such is not the case for constant flow

blowdown. H_ever, for blowdown through a critical

flow nozzle, i.e., at a constantly reduced rate, the

asymptote is the capacitance temperature as would

be expected from physical reasoning. From this point

of view, the critical flow solution would be more

desirable for many systems where the flow is not

constant; however, the integration must be handled

by numerical methods.

Blowdown At Constant Mass Flow With Inside

Resistance Negligible

The assumption of NTU = _ allows a closed form

solution to be obtained. Large values of NTU are

obtained in the following three ways;

I. The inside heat transfer area

is large

2. The inside heat transfer con-

ductance is high

3. The flow rate is relatively low

The first possibility might arise in the receiver

for a blowdown wind tunnel where the receiver is

partially filled with a metal matrix having high

thermal capacitance for the purpose of obtaining

near-isothermal blowdown. It is evident that systems

of this nature obtain a high NTU while simultaneous-

ly obtaining a high C*, and this tends to give

isothermal blowdown. °The second case might arise in

a high temperature system, where the interior convective

conductance is large relative to that on the outside.

The possibility of the third is self-evident.

However, if high values of NTU are obt_ ned by low

flow rates, then most likely NTU would also be large,

in which case the blowdown process would be essen-

tially isothermal. It appears, then, that the only

nontrivial possibility for NTU = _ lies in having a

high inside conductance, i.e., the inside heat

transfer resistance negligible

The condition of negligible inside resistance

implies that the capacitance temperature is identical

with the gas temperature. Because a finite heat

transfer rate is involved in heat transfer between

)
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the capacitance and the receiver environment it is

necessary to specify a particular mass-time relation-

ship; constant mass flow is assumed for this analysis.

From consideration of the energy equation it is

evident that for NTU = O the system is independent

_ °of the mass-time relationshlp and the solution need not

be restricted to constant flow. As yet this problem

has not been treated for blowdown through a critical

flow nozzle.

The simple receiver model with inside resistance

negligible is shown below. Significant energy terms

are noted.

T
OC

QOO

)<.T_///:_. / //// ////_/_TX .. o ..'
",..; / /

u i du _ d(Mu)

do l', _ d_M
/" // " / / ////,'/// -

Fig. XII-3-11 Simple Gas Received Model with negligible inside
r esistance (Ref. 3)

The results were presented in equation form and some numerical results

are summarized in Figures XII-3=12 and XII =3-13.

Note the strong effect that a relatively

small amount of capacitance has on the blowdown

process. In Fig. XII-3-13 the effect of external

heat transfer is shown for _ moderate value of

capacitance. For C* larger than shown the effecto
of external heat transfer is less, and for C* less

than shown the effect is stronger. Note tha_ for

T*0o: (y = I + NTU_)/ NTU ,the temperature function
is independent of mass, and an isothermal blow-

down occurs. If the external heat transfer is great

enough it is actually possible to obtain a rise

in the temperature of the gas in the receiver

during blowdown.

In this analysis constant flow was assumed, and

the inside heat transfer resistance was considered

--I ).9.-
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to be zero. It may not appear that the assumptions
could lead to a solution of technical interest, but
the real value of this solution is that it supplies
definite information for determining the effects
of capactitance upon the thermodynamic behavior of
blowdownsystems.

Blowdown ThrouKh A Critical Flow Nozzle With Heat

Transfer From An Isothermal Source

In systems when regulators are not provided to

maintain constant flow blowdown, the flow variation

is not easily described analytically. However, if the

discharge occurs through a valve or other constric-
tion the flow will somewhat resemble flow through a

critical flow nozzle. Unfortunately, the governing

differential equation for blowdown with critical

flow cannot be integrated in closed form, and so

numeriual methods must be employed. This limits

the usefulness of the critical flow solutions con-

siderably, as a separate numerical integration

must be performed for each set of system parameters.

Nevertheless_ the critical flow solution serves as

an indication of the effects of variations in mass

flow rate.

As in the case of constant flow blowdown con-

sidered previously, the same two models of the receiver

are possible. The "infinite capacitance" model is used

in this development, and is shown below with signi-

ficant energy terms.

//,.'//.'//'///////.

"" rc ' "'" T

_'_w

Fig. XII-3-14 Infinite Capacitance Gas Receiver Model for Blowdown

through a Critical Flow Nozzle with Heat Transfer (Ref. 3)
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The mass flow rate through a critical flow nozzle

is described by

w = B1 VT-

The result is given in dimensionless form:

(T* - T*)NTU

M* d]_* ( y I)T* + c

d M* I,I*%/T--_-

(49)

(41)

Note that NTU is characterized by w , the initial

flow rate. o

Equation (41) has been integrated numerically

from the initial values for constant values of NTU,

and the results of the integrations are shown in

Figs. XII-3-15 and XII-3-16. Note that as the flow

rate decreases the "cooling" effect of the gas ex-

pansion loses its controlling influence to the

"heating" effects of the capacitance, and thus the

temperature tends to return to the capacitance temp-

erature _ oe rumcmuereu LIiaE $0±_. It ill05L ' _ _ _ tile iution
C

i_ only _ as long as cri_ica I #I_._w exists _- +_^

exit. Nevertheless, this solution may in many cases

be better than the constant flc,w solution, even in

the very last stages of blowdown when critical flow

no longer exists.

Criteria For Limitin£ Cases Of Blowdown

Reynolds and Kays (Ref. 3) developed some rules to indicate the errors

which would result from using their limiting cases. These rules were de-

duced by comparison of graphical results and are summarized below.

I) Adiabatic Limit

The error in assuming adiabatic behavior is less than 5% down to

a value of M* > 0.2 if

or

NTU < 0.08 for all C*
O

(little heat is transferred from wall to gas)

C* < 0.04 NTU is reasonably low for all NTU
O

(wall has low capacity and is not heated much

by environment)

-3 le -



For smaller values of M* the limits are much more stringent.

2) Isothermal Limit

The error in assuming isothermal behavior is less than 5% for all

values of M* if

C* > 6.5 and NTU > 8
O

or NTU > 8 and NTU_> 8

For lower values of these parameters the error increases markedly,

especially at low values of M*.

3) Negligible Inside Resistance

The error in assuming negligible inside resistance is less than

5% for values of M* > 0°2 for all values of capacitance if NTU > 8.

4) Constant Temperature Capacitance

The error in assuming that the wall temperature is constant is

less than 7% for all values of M* if C* > 6°5 for all values of NTU
o

or for NTUm >8.

Beyond the limits of these conditions the error increases markedly for

small values of M*. Reduced gravity would affect the value of NTU,

but would not affect the numerical limits given above.

I
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XII-4 MORE EXACT EQUATIONS FOR BLOWDOWN

The equations given by Reynolds and Kays are based on several

simplifying assumptions; a) the gas is ideal, b) the heat capacity

is constant, c) the heat transfer resistances are constant, d) there

is no stratification of the gas. Furthermore Reynolds and Kays gave

few results for flow conditions other than constant flow because of

difficulties in solving even the simplified equations. In practical

problems the flow is seldom constant.

Deviation from Ideality

The ideal gas law is not obeyed exactly by a gas under usual pres-

sure tank conditions. For helium or nitrogen at 2000 psi the deviation

in density from the ideal value is about 5%. At 15000 psi the devia-

tion f_r nitrogen is almost a factor of 2. The deviation is usually

gr_Jat for a gas near its critical temperature and pressure. Critical

conditions are listed in Table XII-4-1. See Section XV for additional

ga_ property daca.

Whether a gas can be considered ideal can be determined by looking

up it_ compressibility factor at the temperature and pressure in question.

Fable XII-4-2 is a reduced compressibility correlation that may be used

for all gases for this purpose. The reduced temperature and pressure

are the ratios of actual temperature and pressure to the critical tem-

perature and pressure given in Table XlI-4-1.

If any of these assumptions are correct then the resulting equations

must be solved numerically. If this is done, then it is well to include

the most realistic available formulation of these conditions, since this

will not make the problem much more difficuit to solve with a computer.
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Table XII-4-1

CRITSCAL CONDITIONS FOR SOME GASES

GAS

Air

Ammonia

Argon

Carbon Monoxide

Helium

Hydrogen
Neon

Nitrogen

Oxygen

Propane
Water

CRITICAL

TEMPERATURE

oR

238

730

274

242

9.4

59.7

8O

227

278

666

1165

CRITICAL

PRESSURE

psi

546

1638

705

508

34

188

381

492

227

632

3210

)

The, real gas behavior enters into the calculation through the term

in J!quation (6) involving _-_ One way to account for real gas behavior
V"

is to use a r_ e accurate equation of state than the ideal gas law. For

example the Beattie-Briggeman equation may be used:

c )

RT(5 - _3[2 b)] zA° a)
P = - --- v + B (5 - --7(I

O V V
V V

where a Ao, b, B' O

experimental data.

and c are arbitrary constants to be evaluated from

The derivative is then:

(42)

4
Dodge

v v o v J r3/\

summarized numerical values of the constants for 19 gases in cgs

units. The equation is valid for nitrogen and hydrogen up to 55000 psi,

and for other gases up to 15OO psi. The equation gives serious error

near the critical point, although it is better than the ideal gas law.

(43)



Table XII-4-2

i

Hi.

Ne

A

CONSTANTS OF THE BEATTIE-BRIDGEblAN EQUATION OF STATE

(Units aim., liters, g.-mo]es, OK. R=O.O8206) (Ref. 4)

hl;IS

H 2

Hi(be l_w crit-

ical density)

Hf(ab,,vu crLt-

Jua} d,_r1_JL\'}

N2

N 2

Air

CO 2

CH 4

(( zH 5)/_o

C2H 4

I;11.,

((12F2

C _1!!_

[ ii
3

n-i _,II1(i

i,-C7H 16

ts,_-c,:lt s

C1i3[)11

A o

O.OZt6

0.2125

1. -'907

O. 1975

O. 12404

3.12404

I. 3445

I.2517

1.4911

I. 3012

5.0065

2. 276';

_J .zTt*

6. ] 3tO

2.._93U

;: 3.7

5. _t)o

I I. 9200

17,79_+O

54. 520

0.05984

0.02196

0.02328

-O.OO506

0.05618

i 0.05618
t 0.02617

0.01866

0.02562

0.01931

I 0.07132

i O.Ola55

fLi2426
0.0_9_%

0.17051

0.305

0.05_61

0.07321

0.12161

0.Z0066

0.10_60

0.09246

B o b

0.01400 0.0

0.02060 0.0

0.03_31 0.0

0.02096 -0.04359

0.02022 -0.00722

0.01750 -0.01968

0.05046 -0.00691

0.04603 -0.02587

0.04624 0.OO4208

O.O46!I -0.01101

0.10476 0.07235

0.05587 -0.O1587

o.4544_ i 0.1i964
. . _ i

U. ldi_b i O.O35_7

0.03415 i 0.1911"
0.59 0.622

I
i O.O_4UO O.UI_,ID

0.18100 0.04293

0.24620 0.09423

0.70818 0.19179

0.24200 0.08750

O.oO362 0.0o929

cxlO -4

0.0040

O. 1Ol

5.99

0.0504

2 .OO

2.00

4.20

6.16

4.80

4.34

66.00

12.83

JJ.JJ

_Z,DO

476.87

O

I UO.Oo

120.oo

350.00

400.00

250.00

32.O3l

Temp 6
range, C

4OO to -252

400 to -217

400 tc -150

200 to -244

300 to - 70

300 to - 70

400 t,_ -149

400 to - 70

100 to -117

200 to -145

IOO to 0

I 200 to 0
i

! 325 to 150 -

200 tc 0

325 Lo - 35

126 to 30

25 lo 250 ]
/

q7 to 275

150 t_, 300

275 to 350

150 to 250

Max i -

IliUm

pres-

sure
aEm.

102

IO6

114

103

1 ,OOO

L, OOO
134

L,OOO

103

177

111

243

90

286

130

18.5

i_3

305

118

313

Hlni-

mum

vol-

ume_

cc./g.-
mole

1OO

118

167

1O0

65

37

182

84

111

125

182

167

2"7_

340

1 ,430

g_u_a

lOO

280

2OO

259 111

Ref.

!

2

3

4

t'
8

c

10

11

12

I',,,tc: I'h,:, constants f:_¢ N, can be uspd for ('0 and rile CO 2 constants for 1':20 at moderate pressures and

[ell]p_ratul-cs not t_ near the criLical ones.

*S,91ll_what I)_:tl,-*" dgr_e,l,,t.lll W*tS _,bLaimd b:>' adding a sixth constant a', maki,tg the last term _,f Eq. (V.77):

i - (a/v) - (a'/v). I'h,. diff+..,-,.nce dot's not st:till great enough to warrant the addilJonal cc.mplicalion.

1. BeatLit', .I.A., and gridgeliian, O. C., Prnc. An,. Acad. At-Is Sui., 63, p.22e-3os. 1c'28.

2.

4.

t_.

"4

9

h)

11

12

(;illt_spii', 1,. ,1., ,J. Phys. (:Item. 33, p.354-360, 1929.

]h,atkiv, ,I. A., and lmwrenvt-', c. K., ,J. Am. Chem. Soc., 5_22, p.6-14, 1930.

IhJlfirlkt_,n , R. H., arid Ctlke\,, W. K., Ind. Eng. Chem.,2_3, p. 25&, 1931.

:,,,.il_, W. E., and Shupt., L. E., J. Am. t'hem. S_c., 5:__!, p. 1382-1389, 1930.

!;,.,uihg, W. L., and Shupe. L. E., J. Ani. t'hunl. Sot'., 53, p.843-ts49, 1931.

!;,attt,.. I. A., Hadl,_ck, t., !lnd Poffenbevger, E., 3. (hem. Ph}'s., 3, p.93-!:6, 1935.

l,a Li,., J. A., Kay. W. C., and Kaminsky, d., 3. Am. Chem. Sue.. 59, p.1589-1590, 1937.
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The graphs of constant density given in Section XV of this handbook

could be used to evaluate (_,_, since this derivative is just the slope

\v*/ V

of the line of constant density at any given P and T. Because the lines

are nearly straight, it should be possible to fit these lines to equations

involving P and T for computer use.

Heat Capacity, C
v

lleat capacity varies with pressure and temperature. The heat capacity

at constant volume, (" , is much less affected by pressure than the heat
v

capacity at constant pressure, C . In most of the above equations C ,
p v

rather than C , is involved, and the following discus_on refers to C .
p v

Equations r_lating C to C are given in thermodynamic texts.
p

In practical conditions the error due to assuming constant heat

capa_i t y is seldonl greater than 107o. Larger errors can occur when the gas

is under high pressure at low temperature. Some values are given in

Table XII-4-3. Heat capacities for monatomic gases are constant above

some low tc,np_rature and equal to 2.98 BTU/Ib-mol-°R. The value for

diatomic gases is about 4.97 at room temperature° It drops off at very

low tc_mperatures, and at high temperatures it approaches 7.0. The values

for polyatomie gases vary mor_ widely. Examination of the table shows

that in many cases the effect of temperature on C can be ignored. The
V

effect can be taken into account by fitting data for C to a quadratic
V

ar cubic polynomial in temperature.

Experimental data show that C is little affected by pressures up to
V

6000 psi at room temperature. At low temperatures, high pressure raises

_v" For diatomic gases a pressure of 15OO psi increases C bv 1 to 5_

at ro_m temperature, or 5 to 20% at 360°R. Fortunately, in tank blowdown

the, temperature decreases only as pressure decreases, so the effect of

pressure on C may usually be neglected. At very low temperatures the
v

pressure effect is pronounced and irregular.

D
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Estimation Of Heat Transfer Rates

The detailed analysis of the effects of heat transfer on the PVT

behavior of the fluid left in the pressure vessel while fluid is being

discharged is discussed in Part 3. To apply that analysis to particular

problems, heat transfer rates at both the internal and external surfaces

of the pressure vessel are required. The important heat transfer parameter

in that analysis is the number of transfer units, NTU.

NTU =_-
CW

V

where

A

C

V

= area for heat transfer

= specific heat of the fluid in the vessel at constant volume

= heat transfer coefficient

w = discharge rate

This quantity represents the ratio of the temperature change experienced

by a quantity of fluid passing through a system and the mean temperature

difference between the fluid and the surface from which heat is transferred.

To estimate the rate of heat transfer that results from the difference

between the temperatures of the pressure vessel and its contents, the

various mechanisms by which heat can be transferred need to be considered.

Free Convection

Because the density of the fluid next to the vessel wall is different

from the density in the interior, the fluid next to the wall experiences

a buoyancy force which produces a circulating flow upward along the vessel

walls and downward in the interior when the wall is warmer than the

contents of the tank. Heat transfer rates due to this free convection

mechanism can be estimated from the correlation shown below.

_L _ IL3p_g_f AT _cp_ ] n (44)kf c 2 \ k/fj
f

)



where

c = specific heat at constant pressure
P

g = gravitational constant

h = heat transfer coefficient

k = thermal conductivity

L = vertical dimension of pressure vessel

_T = temperature difference between pres'sure vessel and contents

= coefficient of volumetric expansion

= viscosity

p = density

In this section the subscript f denotes that the fluid property is to be

evaluated at a temperature which is midway between the temperature of the

wall and the bulk of the fluid.

The exponent, n, depends on whether the fluid motion is laminar or

turbulent and the coefficient, c, depends on both the value of n and the

configuration of the surface at which heat is transferred. For cylindrical

pr_ssure vessels standing vertically or placed horizontally the coefficient

and exponent may be obtained from Table Ai_-_-_. The proper verL_ua_ length

dimension, L, in the case of horizontal cylinders is the inside diameter

of the vessel.

Table XII-4-4

COEFFICIENT AND EXPONENT IN CORRELATION FOR FREE

CONVECTION HEAT TRANSFER (Ref. 2)

Vertical cylinders

Horizontal cylinders

LAMINAR

104 to 109

n c

1/4 0.59

1/4 0.53

TURBULENT

109 to 1012

n c

1/3 O.13

1/3 O.12

--7=q-



The values shown in Table XII-4-4 for vertical cylinders were obtained

from experiments with plane vertical surfaces. Some data for free con-

5
vection heat transfer inside vertical cylinders are discussed in McAdams

and are shown to be a]most identical with that for plane vertlcal surfaces.

Correlations given here for horizontal cylinders are based on measurements

of heat transfer from the outside surface of cylinders because few data

pertaining to free convection inside horizontal cylinders are available.

What data are available are discussed in Ref. 4 and are different from

the correlations given here by about 12 per cent. This small difference

can probably be attributed to experimental error just as well as to the

difference in the physical problem. The values given in Table XII-4-4 are,

therefore, suitable for estimating heat transfer coefficients for both the

internal and external surfaces of cylindrical pressure vessels.

Dat_ for heat transfer from surfaces having shapes different from

cylinders, such as spheres, seem to be unavailable. However, the small

difference in the coefficient for horizontal and vertical cylinders given

in Table XII-4-4 indicates that the heat transfer rate is not very sensitive to

the exact shape of the surface and that the correlation for horizontal

cylinders could be used for vessels having different shapes with relatively

little error.

Forced Convection

In an environment where gravity and acceleration approach zero, the heat

transfer from the free convection mechanism will approach zero and other heat

transfer mechanisms will be predominant. While fluid is being taken from a

pressure vessel, the resulting flow in the vessel can produce significant

forced convection effects. An approach for estimating the heat transfer rate for

this effect in cylindrical vessels is discussed in the following.

As fluid is discharged from a cylindrical vessel, the fluid remaining

expands very nearly equally in all parts of the vessel and gives rise to a

velocity wLJ -h increases linearly with distance along the axis of the tank.



_ x ------.]_
#--_ L

oU
du o

dx L

F

4W

_p D2L

(45)

Fig. XII-4-1 Forced Convection

w = discharge rate

D = diameter of cylinder

L = length of cylinder

u = local velocity

U = velocity as outlet is approached
0

p = density of fluid

A boundary layer is formed along the cylindrical surface which or-

iginates at x = O. Heat transfer rates from a boundary layer over which

the free stream velocity is proportional to distance from the leading

4
edge are given by Goldstein and have the form shown below.

7
By substitution with Eq. (45), Eq. (46) can be expressed as

(46)

(47)

This equation pertains only to laminar flow. However, for the case

of a boundary layer where the velocity of the external fluid increases

linearly with distance along the surface, transition to turbulence does

not occur until th_ Reynolds Number, 4 Lw exceeds 108 . The discharge

_D 2 '



rate corresponding to this is extremely large even for low viscosity

fluids such as compressedair. It seems, therefore, that turbulent flow

would be encountered only in very rare instances.

The method for estimating heat transfer rates due to the forced

convection mechanismapplies only to cylindrical vessels. In vessels

having a different shape the flow in the interior could be muchmore

complex and it does not seempossible to estimate rates of heat transfer
due to the forced convection mechanismfor such vessels at the present

time.

Conduction

When no fluid is being discharged from the pressure vessel and all

residual motion in the stored fluid has been dissipated and gravity effects

are n_g!igible, h_at will be transferred only by conduction. Solutions

for htat transfer by this mechanism are obtained from the differential

equation of h_at conduction,

_i" 1
v(k v r) (48)

P

a precise description of the initial temperature distribution, and the

conditions existing at the vessel boundaries.

Heat transfer by this mechanism is not ordinarily approached in terms

of a heat transfer coefficient. Although a coefficient could be defined

in terms of the ratio of the heat flux at the vessel walls and a differ-

ence between the temperature of thewall and the mean fluid temperature,

q = h(T - T ) (49)
w m

the coefficient would depend upon the initial temperature distribution,

all of th_ boundary conditions, and would vary with time as the temper-

at_Jr_ distribution in the fluid changes. Hence, the heat transfer coefficient

c_n_ept offers no advantages for dealing with the problem and one must

res_)rt to solutions of the heat conduction equation.

Solutions are presented in graphical form by Jakob 6 for objects

having simple shapes such as flat slabs infinite in extent, cylinders of



infinite length, and for spheres. The initial condition is that of uni-

form temperature and the heat flow across the boundaries of the material

is represented by,

where

_Th(T - T ) = k (50)
s a

h = external heat transfer coefficient

n = normal distance from the surface

T = ambient temperatur'e
a

T = temperature at surface of the material
S

When a pressure vessel is considered in which the heat capacity of

the vessel walls ks large with respect to that of the stored fluid, the

temperature of the fluid at the vessel walls will be nearly constant,

For this case the solutions presented by Jakob 6 for h = _¢ would be

applicable. When the heat capacity of the vessel walls is not large, the

•_:a11_,_ _-_m_.__=_,,_ w_ll.......rhan_=_ _s_ heat flows into the fluid. For this

I._case the boundary conditions given below wou,_ be ..... _._r=

dT c)T Toc- T

C -, 1 CC --r---.= A k + (51)
c dU z 10n R_o

A. = area for heat transfer inside vessel
I

C = heat storage capacity of vessel walls
C

k. = thermal conductivity of fluid inside vessel
i

n = normal distance from wall

R = resistance for heat transfer between environment and

vessel

T = temperature of vessel wall
C

T_= equilibrium environment temperature

Solutions for the heat conduction equation with this boundary condition

do not appear to be available for cylindrical or spherical configurations.

Relative importance of Each Mechanism

It seems worthwhile to stress that heat transfer by conduction is

slow when compared with the mechanisms of forced or free convection.

If gas is drawn from a spherical vessel and the temperature of the gas



inside is reduced by some amount, the time required for the gas to re-

turn to thermal equilibrium can readily be determined for the case

where the walls of the vessel have enough heat capacity to remain at a
5

constant temperature. The time required for the center temperature to

accomplish 90 per cent of its temperature change is

D20. c
t pi

0 = O.O75 k.
I

where

D = inside diameter of vessel

For compressed air at 60°F and 2200 psi one has

(52)

= 16o5 D2

where _ = time in hours.

As a result even a small vessel would require a long time to return to

thermal equilibrium by conduction°

The mechanism of free convection, which under atmospheric conditions

produces only moderate heat transfer coefficients, would produce the

rather substantial value of 30 Btu/hr-sq ft°F in air at 2200 psi with a

temperature difference of IOO°F. By the mechanism of forced convection,

a coefficient of only one Btu/hr-sq ft°F would be produced by air at the

same conditions in a cylindrical vessel of one foot in diameter and

four feet in length having a discharge rate of one pound per second. To

summarize, the mechanism of free convection would be most important

when gravity is present. In the comp|ete absence of gravity, forced con-

vection would be most important while fluid is being removed from the vessel.

Only when gravity is completely absent and all residual motion in the pres-

sure vessel has stopped would the conductive mechanism be significant.

One should not assume that the free convection mechanism can be

neglected in the case of a vehicle moving in space even while no thrust

is being developed. Most vehicles have some spin and a typical low rate

is about ten revolutions per hour. A pressure vessel 5 feet away from

the axis of rotation would experience an acceleration of O.OO15 ft/sec 2.

This magnitude of acceleration would give rise to a free convection heat

transfer coefficient of one Btu/hr-sq ft°F for the same case discussed above

)



where the heat transfer coefficient was 30 Btu/hr-sq ft°F in a one g

environment° ]'his low value is roughly the same as that obtained by

forced convection for a comparatively high rate of discharge.

The magnitude of the residual fluid motion occurring in a pressure

vessel some time after fluid has been discharged is difficult to ascertain.

It is possible to make approximate estimates of the time required for the

decay of residual motion by the analogy that exists between momentum and

heat transfer. By analogy with the dimensionless correlation for the

transient temperature distribution shown in Ref. 6, the decay of fluid

motion depends on the ratio

_t/pL 2

in roughly the same way that the temperature distribution depends on the

ratio

_t/L 2

In the case of gases, the kinematic viscosity _/pis not very different

from the thermal diffusivity, _, and the time required for the decay of

fluid motion is roughly the same as the time required for the temperature

distribution to approach that of thermal equilibrium by the mechanism of

conduction° As shown in the estimate of the time required for the return

to thermal equilibrium by conduction, several hours would be required

for the decay of residual motion in some cases. In conclusion, the heat

transfer coefficient should be estimated by considering both free and

forced convection mechanisms and then selecting the largest value. Only

when gravity, thrust and spin are completely absent and all residual

motion has stopped should the conductive mechanism be considered.

Stratification

Due to the effect of gravity, the fluid at the wall of a pressure

vessel is buoyant when heat is being transferred from the wall to the

fluid. A stratified temperature distribution consisting of a layer of

ht_ated fluid at the top of the tank is produced by the buoyancy of the

heated fluid. The rate of growth of the layer and its temperature excess

above the rest of the fluid can be estimated from the analysis of Bailey,
7

Vandekoppel, and Skartvedt.



The heat added to the fluid in a vessel by the free convection

mechanism is discussed on Page XII-4.6. All of the heat added at the

walls is in the fluid flowing upward along the tank vessel walls as

indicated in the sketch below.

>

t 5--- - --i\

i I " !X .9 I..,---

I xx
\
X

heated fluid

free convection

boundary layer

Fig. 4-2 Stratification in Pressure Vessel

Because the distribution of velocity and temperature in the boundary

layer is known, the upward flow can readily be determined.

where

dm H 4hAHc

d(_ c
P

AHc = the area for heat transfer to the unheated fluid

_ = mass of heated layer

The heat added to the fluid is given by

(53)

wh__+ F+ ,

dQ
= hAH(T - T) (54)d@ w

A H = total area for heat transfer

_m = mean temperature of fluid in tank

The mean temperature excess of the heated fluid is obtained by integrating

the rate of heat addition and rate of mass addition over time because both

of these quantities can vary with time.



where

AT =
8
dQ d8

d8

t dm HCp d--_- d@

(55)

_T = temperature excess

The problem is further complicated if the vessel outlet is at the

top and fluid is being withdrawm as the stratification process is going

on. Values used for dQ/d@ and dmH/d@ would be net values based on differ-

ences between values given by Equations (53) and (54) and the flow of mass

and heat out of the tank. Two situations could arise in this case. If the

rate of discharge, w, were greater than the growth rate of mass in the

heated layer, as given by Equation (53), no heat would be added to the fluid

left in the vessel. As a consequence the fluid remaining in the vessel

expa,lds isoentropically. The fluid leaving the tank would have an enthalpy

flowing from the boundary layer and that from the rest of the tank. When

the rate of discharge is not greater than the heated layer growth rate,

heated fluid accumul .... at the top of the tank.

Numerical Method of Solution of Blowdown Equations

The two differential equations (3£) _nd (33) are in proper form for

application of the Runge-Kutta method, for which standard computer algor-

ithms are available. The corrections for non-ideality, variable heat

transfer, etc. discussed above can be included in the equations by carry-

ing their formulation through the derivation leading to Equations (32)

and (33).

* Share Fortran Program, or Algol Algorithm 9, Proc. Assn. Comp. Mach.

_, p. 312, 196Oo



XII-5 WORK OF EXPANSION

General Equations

Gas from a pressure vessel may be expanded through a turbine or

piston. If the purpose of storing the gas is to obtain useful mechanical

work, then it is of interest to calculate the work produced and a work

storage efficiency.

There are three terms in [he expression for work done. These may be

identified by considering the flow process occurring in the expansion de-

vice. In the diagram below consider that the system, bounded by the

dotted lines, contains an expansion device.

I I
I
I
I
i
|

I

IIIL.
W

I

I
I
i

I

I
I
I

Fig. XII-5-1 Diagram lllustrating Work of Expansion

The work produced is

W = MPIV 1 - MrjP2

P1

P dv - MP2v 2

W h L' K"_-

W = work produced, ft-lb/hr

M = mass of gas flowing, ib

P = pressure, psi

v = specific volume, cuft/ Ib gas

subscript 1 refers to upstream conditions

subscript 2 refers to downstream conditions

(56)



The first term in Equation (56) is the work which the remaining gas in

the pressure vessel does on the gas which is expelled; the second term

is the work of expansion occurring within the device, and the last term

is the work which the vented gas does on the ambient atmosphere.

Because of the identity

d(Pv) = P dv v dP

JPlVl Vl JPI

Equation (56) simplifies to

(57)

P
W = -M 2

P
1

v dP (58)

There are several situations of interest:

I) Venting a pressure bottle to the atmosphere or to space

2) Venting a pressure bottle to pressurize a tank

3) Charging a pressure bottle

For example, consider the blowdown of a pressure vessel to the atmosphere,

or to another tank regulated at constant pressure, according to the

following diagram:

Q
Q

W

P
2

Fig. XII-5-2 Blowdown of a Pressure Vessel to the Atmosphere

Since P1 varies, Equation (58) can be applied only for an increment of

flowing gas.

-3_q-



dW = -dM| P2_" v dP

JP
l

The total workcan be found by integrating Equation (59)

(59)

= - v dP (60)

o J P1

To carry out the integration, equations are needed relating dM, dP, v and

PI" The form of these equations depends on whether the processes in the

expansion device and the pressure vessel are isothermal, adiabatic, or

occur with arbitrary heat transfer. Furthermore, the expansion device

may be a combination of an engine with a throttling valve or a nozzle.

Since so many combinations are possible, only examples which show the

basic equations to be applied to each part of the process can be given.

Isoth_rmal Expansion_ 1deal Gas

]'his case is of particular importance since it is the basis for cal-

culation of work efflcionrv. Th_ ,,,n_ _ff_,_ ......... _'_ above as

the actual work divided by the reversible work obtained under isothermal

conditions.

If all parts of the process are isothermal and the gas behaves

ideally, then, from the ideal gas law

VIdP I
(61)dM = -

(R/m) T

v _ RT (62)
mP

where V I = volume of pressure vessel, cu ft.

Substituting Equations (61) and (62) into Equation (60) the total work is

W =f_f mVIdPIRT _p2 RTmpdP

o I

(63)



where

P = initial value of P
o I

Pf = final value of P1

Pf [In P2 in PI ] dP 1W= V 1 P
0

(64)

In case Pf = P2' then

= V 1 [(Pf - P )In P2 " Pfln Pf + P in P - PO O O O
÷ Pf]

(65)

o (66)
W = V I oln + P2 - Po

As a numerical example, suppose that V I = 0.I cu ft, P1 = 3000 psi,

and P2 = 300 psi. Then

W = O.I x 144 [3000 x 2.3 log iO + 300 - 3000]

= 60,500 ft-lb

As a further example suppose that the problem is the same, except

that the gas is vented to space. The gas cannot be expanded to zero

pressure in an engine of finite size. Therefore Equation (66) applies

when P2 is put equal to the pressure at which the gas leave: he engine.

Adiabatic Expansion_ Ideal Gas

If all parts of the process are adiabatic, then the adiabatic law,

Equation (67), applies

i/y

Pf pIA/-i dp I

W = VI Po J P1

(67)

(68)

]1 _ 21" I/_fPII_ -I I dP I
(69)



W - "- I P21-1/y fl_ Pol_ + Po -Pf

If Pf = P2 then

Then

W- - i 2 2 o / + Po -P
I -¥

Consider the same example as for the isothermal case, with 7 = 1.4.

W - O.10.286x144 [1.4(3OO - 3000.286

= 48,400 ft-lb

x 3000 O"714 ) + 3000 - 300]

The work efficiency for this case is 48_OO/605OO = 80%.

ratio increases the work efficiency falls, so that if P

(70)

ab(_ve example, the work efficiency is only 6.1%.

(71)

As the expansion

= 30 psi in the

In the cas_ where the expansion in the engine is adiabatic, but the

process in the pressure vessel includes heat transfer from the walls, then

, = total heat transferred in the expansion deviceQe is zero letting Qe

Btu.

Estimation of 7'

It has been the practice at some laboratories to present the results

of pressure vessel behavi0r in terms of a dimensionless parameter _', at

least for the application where propellant is to be expelled from a tank

by means of the gas from a pressure vessel, as in the arrangement shown

in Fig. XII-5-3. As defined in Part 2

VI(P ° - Pf)
y, =

VpP 2

(72)

The denominator of this expression is the work done to expel the pro-

pellant from the tank. The numerator is derived from Equation (58), which

gives the maximum work available from the gas in the pressure vessel, al-

though in Equation (58), v is a variable which depends on pressure. If a

mean value of v can be found, it can be taken outside the integral. Final-



ly, if v is used as an approximation to the unknown mean value of Mv, the

result is Equation (72).

Pressure

Regulator

Fig. Xli-5-3 Propellant Expelled

from a Tank by a Pressurized Gas

l)

For an ideal gas without heat transfer, it can be shown that _' =

c /c , and for an isothermal expansion _' = i. In this respect _' be-
p v

haves similar to the polytropic expansion coefficient Y, which is well

known in the thermodynamics of gas compressors. However, Y' is not equal

to Y except at these two limiting conditions. Because the value of Y' is

bracketed by these two values, it is easy to estimate values of y' for

intermediate cases where there is some heat transfer, but not enough to

result in isothermal expansion. Thus a design engineer may aquire a

feel for estimating Y' based on experimental data for similar systems.

An estimate of this single parameter then serves to predict the perform-

ance of the pressure vessel under a variety of conditions.



The propellant tank usually contains an ullage volume at the start

of pressurization. The gas in this space is often at a pressure different

than the regulated pressure, and therefore someof the pressurizing gas

must be used to bring the tank up to the regulated pressure. In order to

comparemeasuredvalues of Y' in experiments with different ullages, a
correction is needed. The effect of ullage can be eliminated by defining

a new function, Y": V x(l - P_2)

Y" = Y' - V (73)

P

where

V = volume of propellant displaced
P

V = ullage volume
X

P = initial pressure in propellant tank
x

P2 = regulated pressure in propellant tank

Y' has als,) been used to correlate experimental data on heat trans-

fu_ effects _...._..... cs ...._ng _F prope!]ant tanks.

We have consid_red the possibility that the approach based on the

use of Y' could be made more exact by investigating the relation between

_' and the conditions which determine heat transfer in the pressure

vessel. For the case of an isothermal source and constant mass flow an

expression for _' can be derived

(74)

y ! __

NTU * _ - i M*_+NTU

i - __ I + NTU M - ( Y - i + NTU)

i NTU * y - i *_+NTU

+ NTU _ - I + NTU M - ( _- I + NTU)(_+ NTU) M

Since Y' depends on M it cannot be correlated with NTU alone. The ex-

pression for Y' therefore does not simplify calculations of the efficiency,

and the method of Reynolds and Kays is preferable.

-O3_-
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XII-A NOMENCLATURE

EnKlish Letter Symbols

A Area, ft 2

A 1 ,A2 Constants, dimensionless

Total area for heat transfer

AHc

B 1

B 2

C
C

C

P

C
V

C
P

C
V

E

Area for heat transfer to the unheated fluid

Constant

Constant

Heat capacity of vessel wall, Btu/°R, assumed constant

Specific heat at constant pressure, Btu/(IbgR)

Specific heat at constant volume, Btu/(Ib_R)

Heat capacity at constant pressure, Btu/Ib-°R

Heat capacity at constant volume, Btu/ib-°R

Total Energy, Btu

E
C

g

Energy content of vessel wall, Btu

Acceleration due to gravity, g = 32.2 ft/sec
2

at sea level

h

L

Specific enthalpy, Btu/Ib

Unit heat transfer convective conductance, Btu/hr-ft_°R

Thermal conductivity, Btu/(hr-ft2-°R/ft)

Length dimension, ft

M Mass of a gas

M h

N
S

m

P

Mass of heated layer

Mass of a sperical pressure vessel

Molecular weight of gas

2
Pressure, #/ft

Pressure, psi

--"_41-



P2

P
X

Q

q

qi

R
t

(R/m)

R

R.
1

S

']'

m

T

T
C

AT

V

V
1

Vp

V
X

V

NOMENCLATURE (contd)

Regulated pressure in propellant tank

Initial pressure in propellant tank

Heat flux from the wall of the tank to the gas, Btu

Heat transfer rate, Btu/hr

Heat flux at inside vessel wall, Btu/hr

Total heat transfer resistance, hr-°R/Btu

Universal gas constant/molecular mass of gas, ft-#/(Ib-°R)

Gas constant

Inside resistance to heat transfer, hr-°R/Btu

Specific entropy, Btu/(Ib-°R)

Mean Temperature of fluid in tank

Absolute temperature, OR

Temperature of vessel wall, OR

Temperature excess

Volume, ft 3

Volume of pressure vessel cu ft.

Volume of propellant displaced

Ullage Volume

Specific volume cu ft/ib gas

Work produced ft-lh/hr

Mass flow rate, ib/hr

3

Greek Letter Symbols

31 c /c
p v

p Density, lb/ft 3

Pf Density of gas at initial pressure, lb/cu ft

P_ Density of sphere wall material



A

NOMENCLATURE (contd)

Viscosity, Ib/(hr-ft)

Time, hr

Parameters defined where used, dimensionless

Denotes a difference (final minus initial)

Allowable stress of wall material

Nondimensional Groupings

C C l(Mc )
O C 0 V

y c /c
p v

M

M

NTU

NTUoo

P

Roo

T

T
C

T 1

T
mean

Tvol.

T

V

M/M independent variable
o

M'/M
o

M_/M o

I/(R.c w ) = 0 A)./c w
i V 0 I V 0

I/(R c w ) = (:A_/CvW °v o

P/Po

Heat flux on outside of vessel wall, Btu/hr

Outside resistance to heat transfer, hr-°R/Btu

T/T first dependent variable
o

T /T second dependent variable
c o

T1/T o

T /T
mean o

Tvol/T o

T /T o system parameter

Temperature of enrivonment, OR

V'/V
o



W

W

Nu

Gr

Pr

NOMENCLATURE (contd)

* *

w/w known function of T ,M
o

w/w

Nusselt Number, (_,L/_)

Grashof Number, (Leo2g_T/N 2)

Prandtl Number, (/.lCp/_:_l

,)

Subscripts

o

I

g

c

AD.

H.T.

INF. C
w

FIN. C
w

INF. NTU

FIN. NTU

CONST.

CRIT.

Refers to initial conditions

Refers to inlet state

Refers to gas

Refers to capacitance

Refers to initial quantities

Refers to gas added during charging

Refers to environmental conditions, or conditions

outside the receiver shell

Refers 5o conditions inside the receiver shell

Refers to adiabatic solution

Refers to solution including heat transfer

.
Refers to solution for C =

w

Refers to solution for C =
w

Refers to solution for NTU =

Refers to solution for NTU =

Refers to constant flow solution

Refers to critical flow solution



XIII HEATBALANCE

Table of Contents

Title

Sec. XIII Heat Balance

Table XIII-I Free Path of Atmospheric Air at Various
Altitudes

Table XIII-2 Equilibrium Temperatures of Spherical Space
Probes with Various Coatings

Table XIII-3 Representative Materials for Passive Thermal
Control of SpaceVehicles

Figure XIII-I A Typical Spectral Emissive Power Curve for
the Thermal Radiation Leaving the Earth

Figure XIII-2 Earth Radiation as a Function of Latitude
Under Various Sky Conditions

Figure XIII-3 Aibedo as a Function of Latitude Under
Various Sky Conditions

Figure XIII-4 Relative Spectral Distributions of Albedo
Radiation Under Various Sky Conditions

Figure XIII-5 Space-TimeAverage Effective Space Temperature
as a Function of Surface Finish and Orbit Inclin-
ation

Space-TimeAverage Surface Temperature as a
Function of Surface Finish and Internal Power
Dissipation

Figure XIII-7 Space-TimeAverage Surface Temperature as a
Function of Surface Finish and Internal Power
Dissipation

Figure XIII-8 Space-TimeAverage Surface Temperature as a
Function of Surface Finish and Internal Power
Dissipation

Figure XIII-9 Variations with Temperature of Emissivity and
Absorptivity and of Their Ratio for TwoMetals

Figure XIII-IO Variation of Equilibrium Temperature with
Distance from Sun in Case of Aluminum or Silver
Sphere having Uniform Temperature

Figure Xlll-6

Section-Page

Xlll-I

Xlll-9

Xlll-lO

Xlll-ll

Xlll-12

Xlll-13

XIII-14

Xlll- 14

XIII-!5

XIII-16

Xlll-17

Xlll-18

Xlll-19

Xlll-20



Table of Contents ..D

Figure Xlil-ll

l'igLlr¢_ XlII-12

Figure XlII-13

Title

Vari.ation of Equilibrium Temperature with

Distance from the Sun in Case of a Spher,-

Having Uniform Temperature

Powder Input per Unit Cross-Sectional Are.a

,,t a Satellite Plotted as a Function of

Altitude for the Range 200-3200 Miles

Powe.r Input per Unit Cro,,;s-Sectional Area

of a Satellite Plotted as a Function of

Alt itudt- for the Range 2(10-32,OOO Miles

Section-Page

XIII-21

XI l I - 22

Xll t -23

Refe I. o.1-1c t }_q X[ i [ -25

)

OF POOR QUALITY



Xlll HEAT BALANCE

The equations governing the flow of heat between the pressure vessel

wall and its fluid contents have already been presented in Section XII-4.

For many problems where blowdown is rapid, there is not sufficient time for

external heat transfer to have an effect. For slower or cyclic blowdown,

heat transfer with the surroundings will affect the temperature of the vessel.

The mechanisms of external heat transfer are free convection, forced

convection , radiation and conduction along solid supports. Heat transfer by

convection or conduction through a gas decreases rapidly below the pressure

at which the mean free path of the gas molecules exceeds the length of the

path of heat transfer. Free path lengths in the atmosphere are given for

various heights in Table XIII-I. When free or forced convection is an impor-

tant mode of external heat transfer, the correlations presented in Section

XII-4 can be used.

In a vacuum, the primary mode of heat transfer is usually by radiation.

The calculation of a heat balance by radiation involves summing the heat

contributions from various sources and sinks, including the calculation of

the temperatures of other portions of the system which reflect or reradiate

heat from source to sink. Detailed proceedures are given in Reference ,8,

W.H. McAdams' book entitled HEAT TRANSMISSION. Additional information on

th_ solar energy is given in Section 111-5.

Spacecraft systems are subjected to environmental testing and the methods

discussed in Section XII-4 may be applied to the calculation of the system

heat balance to aid in compensation _o_ the errors incurred from the presence

of atmosphere.

The following discussion is quoted from various sections of the SPACE

MATERIALS HANDBOOK, published by Lockheed Missiles and Space Company under

Air Force Contract AF04(647)-673 (Ref. I). The selected portions should

serve as a guide to illustrate the various factors that need to be considered

when a heat balance of any space vehicle or component is to be attempted.



The ensuing discussion is considering an Agena spacecraft and an earth orbit.

However, the basis of the heat balance is applicable to any type space vehicle

and any orbit.

In the space environment, a spacecraft constitutes a

system that exchanges thermal energy with its surrounding

exclusively through thermal radiation. The space thermal

environment is composed of the following typical sources

of energy:

General Case Specific Case

Emission of radiation

from distant bodies

Emission of radiation

from large nearby bodies

Reflection of radiation

from distant objects by

nearby bodies

Solar radiation

encountered at one

astronomical unit

from the sun

Earth emission

Earth albedo radia-

tion

The radiation from the background of space itself can

be neglected, since its effective temperature is only

a few degrees above absolute zero°

Temperatures encountered by spacecraft are, therefore,

determined bv its energy exchange with these sources,

and may be calculated by solving the appropriate energy

balance equations. Through suitable adjustment of thermal

design parameters, such as vehicle geometry and thermal

properties, one may arrive at a vehicle configuration with

the structural and mechanical features necessary to main-

tain the various component temperatures within the

required limits°

There are two fundamental methods for controlling space-

craft temperatures: passive thermal control and active

thermal control, Passive thermal control of a system

and its components is attained wholly through geometrical

design and the selection of msterials with requisite

thermophysical properties. This method includes the

static employment of temperature-induced physical changes

in materials. Neither power nor moving parts are employed.

Some techniques for passive thermal control follow:

a) Selection of materials with desired

thermal radiation properties

b) Geometrical design



c) Selection of materials with desired

values of thermal conductivity

d) Employment of the thermal behavior

of materials at a change of phase,

utilizing the materials as heat sinks

e) Self-thermostatic surfaces

Active thermal control of a system and its components is

attained through a feedback control system, with temper-
ature as the controlled variable. This method includes

the dynamic employment of temperature-induced physical

changes in materials. Generally, either power or moving

parts are employed. Techniques for active thermal control
include the use of:

a) Thermostats and heaters

b) Bimetallic strips to control shutter

system

c) Fluid transport refrigeration systems

d) Variable thermal resistance techniques

e) Thermoelectric cooling

/

/

Passive thermal control systems have certain advantages

over active systems in regard to reliability. They

due to such factors as the cold-welding of bearing sur-

faces in the low pressures of space. Also, the passive

solution to a design problem generally results in a

minimum W=.,._LLt. _U.,.U'..LO..

Active thermal control systems, on the other hand, can

correct for environmentally induced alterations in the

thermal behavior of a vehicle. An example of such an

alteration is the increase in the solar absorptance of
an exterior surface due to the influence of extra-

terrestrial solar ultraviolet energy. These systems

can also account for changes in the thermal environment,

such as the increase in the solar constant experienced

by a Venus probe. Extremely accurate knowledge of

external thermal radiation characteristics is not man-

datory for active systems, as it is for passive. Among

other things, this means that successful operation of a

given vehicle is less likely to be jeopardized by the

various factors of the pre-launch environment. In

addition, active control can provide much more precise

control of temperature than is possible passively. For

this reason, life support systems employ active thermal
control.



Passive Thermal Control

The ultimate goal in the thermal design of any space-

craft is to assure that the various components of the

vehicle will operate within their respective allowable

temperature ranges through all phases of its mission.

The problems associated with the thermal design of

spacecraft are unique only insofar as the spacecraft

environment is unique. The following simplifying

assumptions are made to focus attention on the unique

aspects of the problem:

D

a) Th_ thermal (mathematical.) r.,(_d(_|of

the spacecraft is known exactly; _e_,

for a given set of external temperatures,

internal temperatures are known=

b) The geometry of the spacecraft is free

of protuberances

c) The spacecraft is an earth satellite

which is to be launched into a circular

polar orbit of known altitude at a spe-

cified time of day on a specified date,

and from a specified launch base.

d) The required operating life of the

vehlcle is sufficlently short that

changes in the angle between the orbit

plane and the earth-sun llne may be neg-

lected and such that there will be no

change in the thermophysical properties

of the vehicle due to the space environment.

The external thermal analysis for the orbit phase comprises

four main steps in which the following are determined:

I)

2)

The magnitudes of incident radiation from several

sources - this is essentially a geometry problem

involving the relationshlps among the various

sources and the vehlcleo

The magnitudes of absorbed radiation this step

requires a knowledge of the spectral energy dis-

tribution of the sources and of the spectral

radiation characteristics of the vehicle surface,

In some cases, Steps 1 and 2 must be considered

simultaneously,

3) The overall heat balance, including internal

power, absorbed radiation, and re-radiation to

space -. this step might be accomplished for the

entire vehicle or for separate segments of the

vehicl_o In such case, Step 4 would be an

-'7'fO-



4)

integral part.

The effect of conduction through vehicle skin

and other structures - internal designs will

generally be based on temperature boundary

conditions which are established in Steps I

through 4.

In taking these steps, the designer must choose the type of

passive control best suited for the given design problem.

Generally, passive control will be exercised through the

proper selection of geometries and of materials with fixed

radiation characteristics. However, other methods are

available ...... _utilization of the Curie point transition.

Regardless of the method used, surface temperatures of the

earth satellite ar_ determined by the heat balance between

the satellite and its environment, which includes the sun,

the earth and its atmosphere, and space. Whether aerodynamic

heating is an important heat source depends not only on its

magnitude but also on the average values of the absorbed

insolation, earth reflection, and' earth emission. If the

latter are large, aerodynamic heating may be negligible

in comparison with other heat inputs even as high as 200

miles. However, calculations based on Oppenheim's general-

_ theory _ _.,_=_= ,,==_,,_ _,, _L== ,,,_=_u_ L LUW

(Ref. 6 ) and on atmospheric density data show that for

mean altitudes greater than 200 miles aerodynamic heating

averaged over the entire surface of a three-dimensional
o_°_'_ is small .... _ .... _ -_'- --=noun, in comparison W_L_ the ouner heat

sources to be neglected. The external sources of energy

for the satellite are, therefore, restricted to direct

insolation, albedo radiation consisting of solar radiation

reflected and scattered by the earth-atmosphere system,

and to earth and atmospheric emission. -

The total emissive power of the earth and its atmosphere,

called earth emission, is approximately equivalent to that

of a blackbody at 250°K(-iO°F), which has a peak intensity

at 11.6 _ (See fig. Xlll-l). This earth emission has an

average value of about 71.O Btu/hr-sq ft(O.32 cal/min-sq cm)

and, as a simplification, is usually taken to be uniform
over the surface. The earth emission incident on the

satellite is a function of vehicle altitude and geometry.

The satellite surface absorptance for earth emission is

about the same as the room-temperature total hemispherical
emittance of the surface.

Both earth reflection and insolation consists of energy

given approximately by a blackbody radiation at 6OOO°K

and have peak intensities at about O.5_. The earth

-n_ I-



reflection is roughly proportional to the cosine of the

zenith angle and has a maximum value of 159 Btu/hr-sq ft

(0.80 cal/mln-sq cm) if the earth's reflectivity (albedo)

is taken to be 36%. This part of the irradlation of the

satellite is determined by the altitude, vehicle geometry,

and geometric relationship between the satellite and the

earth-sun line; it is generally a function of time.

Insolation on a plane normal to the earth-sun line at the

earth's mean distance_from the sun is about 443 Btu/hr-sq

ft(2.O cal/min-sq cm)?,.The insolation on a given surface

is proportional to the coslne of the angle between the

normal to the surface and the earth-sun llne and is thus

also a function of time

For a prediction of satellite temperatures refer to

Reference I - pp.. 87-106,

Some estimate of the uncertaint'ies and variations of in-

ternal heat-balance factors must be made as a step in

establishing the amount and kind of control required_

Uncertainties arise here because of manufacturing tolerances

in material gages, variations in material properties,

differences in fabrication, and variations in the final

assembly that affect such things as contact resistances in

the joints of heat-flow paths_ In addition, relatively

large uncertainties are introduced in all but the most

complicated analyses because of inexact analytical methods

and a lack of refinement in the mathematical model° Such

uncertainties are difficult to assess in most instances,

although a systematic approach could be developed. 2

Internal spacecraft temperatures are predominantly con-

trolled by the radiation characteristlcs of the external

satellJte surfaces The param_tt, r of great_st importance

is the _ ratio of solar absorptalle, u_ to infrared emittance

¢ Additionally, heat transfer interior to satellite

vehicles is largely controll_d by the emittance of internal

surfaces. 3

Thermal radiation characteristics clearly constltute the

material properties most critical to thermal design; they

are by no means, however, the only factors to be evaluated

before choosing a particular material for a specific space-

craft application. Knowledge of the other thermophysical

properties, such as thermal conductivity, specific heat,

and thermal diffusivity, is also necessary to thermal

control_

D
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The orbital temperature variations experienced by

earth-satellite components are directly related to

the thermal capacity of the materials employed in

satellite construction. Through knowledge of specific

heat and proper design, thermal strains, fatigue

failures, and other temperature-induced damage may be

avoided.

Reliable design requires not only accurate nominal values

of thermal parameters, but, even more importantly, a

careful assessment of the range of values to be expected

owing to variations in composition and accuracy of the

measurement techniques employed. Obtaining such infor-

mation will often entail embarking on an experimental

program. Several agencies are attempting to alleviate

this situation both by assembling the available thermo-

physical property data and by publishing annotated

bibliographies of the applicable literature. The most

notable efforts at present are the memoranda issued by

the Defense Metals Information Center at Battelle Memorial

Institute, and the compilation of thermophysical properties

information by the Armour Research Foundation. 4

Temperatures of near-earth satellites are determined to a

large extent by the thermal radiation interchange between

the earth and the satellite and by the surface radiation

characteristics of the vehicle. Selection of surface

finishes and determination of other thermal design require-

ments must be based on a knowledge of the total energy

leaving the earth's surface, the spectral energy distribution,

and the spatial and temporal variations of these quantities.

Temperature levels, thermal cycling (temperature oscillations),

and ultraviolet degradation of surface materials are all

influenced by the thermal radiation from the earth, which

occurs in two broad, distinctly different spectral regions.

Albedo radiation (reflected solar radiation) consists of

ultraviolet, visible, and infrared energy having wavelengths

between 0.29 and 4.O_. The other component, earth emission,

consists of infrared energy nearly all at wavelengths longer

than 4.0 _ radiated by the earth-atmosphere system_ Most

of the information required for spacecraft design can be
obtained from studies of the albedo(reflectance) and heat

budget of the earth. 5

Figures Xlll-2 through -4 present some values of the

earth's radiation and albedoo



Figures XIII-5 through XIII-8 present a space-time
average effective temperature for various ratios of
_solar absorptance to infrared emittance under
various surface finish conditions, orbit inclinations
and internal power dissipation rates for a vertical
cylinder at a 300 mile altitude. Figures XIII-9
through -15 are original SRI figures and present
various thermal relationships applicable to heat
balance calculations.

Tables XIII-2 and XIII-_ are also original SRI data
and give someindicatio_ of material behavior with
various coatings and for passive thermal control
respectively.

)



Table XIII-2

FREE PATH OF ATMOSPHERIC AIR

AT VARIOUS ALTITUDES (Ref. 18)

ALTITUDE MEAN FREE PATH

ft ft

50, OOO

IOO,OOO

200, OOO

300 ,OOO

500 ,OOO

700,0OO

!,OOO ,OOO

1.4 X 10 -6

1.6 X IO-._

9.8 X IO-._

I.I X IO "I

150

999

6300



Table Xlll- 2

EQUILIBRIUM TEMPE_ATURES OF SPttERICAL SPACE PBOBES

Vii'Ill VARIOUS COATINGS (Re£. ll)

COATING

bhite

_hite plus carbon

black

Aluminum plus clear

lacquer

Flat black

Aluminized silicone

Flat black plus

aluminum

Stainless steel

Aluminum

SOLAB

p _ £ o./(_

0.82 0,18 0.95 0.2

0.47 0, 53 0.95 0.6

1.0

TE:.|PEBATUBE. OF

0.03 0,97 0.95 1.0

1.3

0.05 0.95 0.80 1.2

2.5

4.0

SPHERE STBIPED
SPIIEBE

-135 -20

-30 32

4O

45 85

6O

65 120

170

250

-'_ 5b-



]'able XIII-3

REPBESENTATIVE MATERIALS FOR PASSIVE THEI_IAL CONTBOL OF SPACE VEIiICLES

(Ref. 12, 13, 14, 15, 16, 17)

MATEBIAL

Metals

Stainless Steel

Aluminum E_il,

(sandblasted)

6061 Aluminum Alloy

Sheet

Forging

Weld Area

6061 Aluminum Alloy

2024 Ah,minum Alloy

QMV Beryllium

Hanovia Gold 6518

Oxides

_Jkide A (A10)

I_kide C

Silicon Oxide

Titanium Oxide

Tit an i um Ox i d e

Paints

Silicone Alkyd

}_namel ÷ TiO 2

Grey Alkyd Enamel

* Alumimlm Flakes

Epoxy Paint + Black

Iron Oxide

Polyurethane Lacquer

+ Ti 0 2

SU[_STfiATE AhD/OR
ThEAT_,EN T

Sand-blasted

Fiberglass

O_emieally cleaned

Degreased, cleaned,

acid rinsed

begreased, cleaned,

acid rinsed

Sintered, machined,

chemically polisile,'

Ilen_ 42

Sand-blasted stainless

and/ol fiherglass

lien_ 14

Vacuum deposited on

a 1 umi n um

From oxidation of Ti

vacuum-deposited on A1

Adhesi re-backed vinyl

film

Plastic

Plastic

ABSOIIPTAN CF..
EMISSIVITf

as/_ H

0.81 I 0.42 1.92
I

O.42 I 0.21 2.0

0.26 0.06 4.34

0.29 0.09 3.22

0.26 0.10 2.6

0.39 0.03 13.0

0.34 0.06 5.67

0.50 0.10 5.00

1 I

0.53 0.09 6.00

0.15 0.77 0.20

0.85 1.06

1.2

0.14 5.5

0.84 0.3

0.95 0.19

0.80 1.18

O.q5 1.02

0.95 0.19

EXAMPLES OF USE

Explorers I, Ill, IV

Explorer VII

Explorers I, llI, Vll

Vanguard

Atlas-Able-IV

Atlas-Able-IV

Journeyman

.Iou rn eyman

Transit I-B

qransit I-B

* 70OF
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XIV-I INTRODUCTION

Tile objective of this section is briefly to mention and illustrate

a few techniques of statistical reliability theory in order to make

the reader aware of their existence and applicability to the determination

of the reliability of pressurized gas systems and components. The

fundamental theories of reliability mathematics are discussed in some

detail in the Interim Report, issued in August 19_3, and several texts

are cited at the end of this section as references for tile reliability

engineer.

Reliability may be defined as the probability that a device will

perform a specific function without failure under given environmental

conditions for a given period of time. Probability is a mathematical

term referring to tile chance of occurrence. Failure means any variation

in performance beyond allowable limits, not necessarily total failure.

Conditioning environmental factors under which the device must operate

are such factors as temperature, vibration, shock, pressure, moisture,

etc. Time refers to the life span designed for the device under considera-

tion; it might be fifteen years for a household appliance and thirty

minutes for a missile.

This section considers some of tile pertinent factors and computa-

tions involved in the various aspects of reliability which are defined

in the above paragraph.

Although the causes of unreliability are many, with reference to

space vehicles tile primary cause is due to the complexity of the

equipment involved. In general, a space vehicle requires that all of

its subsystems, components, and parts must operate correctly in order

for the flight to be successful. Probability theory determines a

vehicle's reliability. The probability of a successful mission is

equal to the product of the probabilities that each lesser device

within the vehicle will operate successfully. In effect, reliability

tends to decrease as the complexity of a device increases.



A reliability program to be successful must be based upon a

well-organized and carefully planned system for collecting, analyzing,

and following up reliability data. Lloyd and Lipow 6 present an example

of an on-line reliability data reporting system which effectively

illustrates the dependence of the reliability program upon the adequacy

of the reporting system.

)



XIV-2 RELIABILITY MODELS

_eliability models are concerned first with tile relationship between

the components of a system and second with the aggregate component effect

upon the systems performance. Tile performance of an individual component

must be considered separately, and then the relationship between the

components which form the structure of ti,e system are analyzed. _le

objective in specifying the reliability model is to determine the

reliability (B) of a system composed of components with either known or

estimated reliabilities.

Consider an attitude control system that is comprised of n compo-

nents, and let S equal the event that the system is successful, and

S i, ) ffi 1 .... n the events that each of the components are successful.

If S can occur only when all the S occur, the system is called serial,
1

and:

P = P(S) = P(StS2S 3...S )

If tlJe S are mutually independent (the probability of success fori

each subsystem is independent of the success or failure of all other

subsystems) then:

n

I_ = P(>:) -- [i I'(S))
]=l

or

(,1 i - jj)

n .

]

where

n = number ,,f tests of component ]
J

_Ij = number of failures in ,t test.J

If n = 2 an,l n I = 5(1; n 2 = 100; Jl = '2; aud 12 = 3 then

ORIGINAL PAQE 15
OF POOR QUALITY



09,2 100
A parallel system is one consisting of n subsystems such that the

system fails only if all subsystems fail. Or conversely, the system is

successful if at least one subsystem operates. 1_is property of parallel

systems is commonly called redundancy and a frequently used measure of

the amount of redundancy in a system is the ratio of the total number of

components available for a particular task to the number of components

actually necessary. The term stand-by redundancy refers to systems

composed of two or more subsystems where the system is first made

operational by turning on system one. If system one fails before the

required operating time, system two becomes operative and the system

fails only if system two fails before the required time of operation

has elapsed.

Consider a simple serial system, that is, one with no redundancy,

made up of n independent components.

AND AND Cis
Success

1111_

and

R " P[(C 1 success)(-_(C 2 success)l_ ... (_(C success)]

or

Table XIV-2-1

reliability.

B, = R l • B 2 ... R

illustrates this relationship between componeat and system

For a simple parallel system with n - 1 components redundant:

---3_0-



IF

OR

OR

R l

CI isSctcce_

Rs

C2 is
Success

,_lcces8

The probability that C will fail is F = I - R , and R

(i - B_) ... (i - B,_). Or R= = i - (i - l;_.)" if B.I = "2"

= I - (i - _1 )

D
o . . J] .

n

For example if a system is composed of three redundant components

with B 1 = 0.5, R 2 = 0.6 and R s = 0.4 the reliability of the system would

be

_ = 1 - (l - 0.5)(1 - 0.6)(i - 0.4) = 0.88

If each component of tile parallel system was replaced with a serial

system of components, the reliability structure would be:

Rll RI2 R In

Succesg Success Silccegs

R21 //22 /12n

AND (:22 is AND Cg.a is

Success _uccess

RK2 ll l_n

__ CKI is
_uccess

ANI_

" I CIC2 is I _11 [ CKn is
_uccess I I _4ccuss

IIIF_

-')'3"/-



and the system's reliability is:

i)

R - [1-(1-Rlz'/_12... RI.)(1-R2z'iq_'" R2.) ...(1-BxI'B n..._K.)]

Parallel-serial systems involve replacing each component of a serial

system with a parallel system of components and the reliability structure

is:

RII R12 RIn

Success Success Success

R21

Success

R22

Success ANb AND Success

RK1 B/f2 RKn

Success Success Success

an d

)

/_s -- [1 - (1 -Bli)(1 -B21) ... (1 -B#l)] [1 - (1 -/_12)(1 - R22) ... (l-,qx2)] ...

[l - (l - Ptn)(l - _2,) ... (I - I#,)J .

From the four basic reliability structures it is obvious that the

magnitude of /_s can be changed by the ,lumber of components and the way

in which they are arranFetl. Additional redundant components of course,

add to the physical cc,,,plexity of the circuitry and to the weight and

space requirements.



Table XIV-2-I

RELIABILITY EACH COMPONENT MUST IIAVE TO BBING

OUT OVEN-ALL RELIABILITY OFA SERIALLY

CONSTRUCTED SYSTEM OF INDEPENDENT COMPONENTS

_U:,_BER OF
SERIAL

COMPONENTS 0.95

1 0.95

2 0.9745

3 0.9831

4 0.9872

5 0.9897

6 0.9915

7 0.0926

8 0.9913

9 0.9942

10 0.9949

15 0.9965

20 0.9974

50 0.0991

100 0.9995

hEQUIRED OVEB-ALL RELIABILITY

0.9

0.9

O. 9486

O. 96 54

0.9738

0.9790

0.9851

0.9870

0.9883

O. 9897

0.9928

O. 9947

O. 9979

0.9988

0.7

0.7

O. 8368

0.8880

0.9147

0.9311

O. nj_o

0.9504

O. 9563

0.9612

0.9649

0.9766

0.9824

0.9928

0.9965

0.5

0.5

0.7071

0.7938

O. 8409

0.8706

0. o n_oo :7,Jo

O. 9057

0.9170

0.9260

0.9330

0.9548

0.%6!

0.9863

0.9931

Example: It is required to brin_ out success with 90 per*

cent pr,)babilsty, usin£ 10 serial components.

Each must have a reliability of at leant 9897.



XIV- 3 PROBABILITY DISTRIBUTION

Statements such as "the attitude control system performed as

intended,""the time to failure of a pressure valve exceeds 7,""tile

output of this power supply system is between 112 and 117 volts," etc.,

could all be expressed as the simple event success. The probability of

success occurring is called reliability. Quite frequently the event

failure, the ratio of tile number of failures to the number of trials,

is actually observed while what is really desired is a measure of

success. "['hemeasure (probability) of success is, of c,_urse, simply

defined as one minus tile measure of failure.

For experimellts which can be characterized by tile discrete events

success or failure, and one wishes to determine the l,robability of

exactly x successes in n trials, the binomial probability distribution

applies.

The binomial distribution states that if an experiment consists of

A; independent trials, each with a l_robabilitv of success of p and a

probability of failure of o(q = I- p), then the probability of exactly

X successes and _' - X failures is:

in whicl, tile expression

(F,| _- _'! (g _ .v)!

\
/v_

.g /

As an example, given that the reliability of an attitude control

system is 0.90, t.e., the I,roLability of successful npcration on a

mission is 0.90. l_.'hat is the probal,ility that it will work successfully

in each of ten consecutive missions?

I'(X) -: (0. qO) __"(l_. 10) ° -- (1)(0.349) = O. 3.1q
10

_qgO"

ORIGINAL PAGE IS
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If the question had been, "what is tile probability of at least nine

successes in ten missions?," then the event X is the union of two events,

exactly 9 successes and 10 successes. Since these two events are mutually

exclusive, the probability of their union is the sum of their individual

probabilities and:

P(X) = (0.90)9(0.10) 1 + (0.90)1°(0.10) 0
9 lO/

= lO(0.3a7)(O.lO) + 0.349 = 0.736

Another distribution that arises wltenever a discrete event may occur

randomly over a time period, and one considers as a random variable the

number of times this event will occur over the given period of time, is

tile Poisson distribution:

P(X)
_.x . e-A

m

X!

where X is the number of occurrences of the event; )_ is the expected

number of occurrences; i.e., _ = average of _'.

Given ttlat a control system pressure valve-failure rate over a long

period of time has been 3.41 per ]0,000 cycles, and t!,at a particular

mission will require the valve to cycle 1,000 ti,,es, wl,at is the Drab-

ability of no valve failure during tl,e mission?

Tile expected number of failures per 1,000 cycles is )_ = 0.34I, and

_.x e-A
P(X = O) = note O! = l

X_

= (0.34.1) 0 e -0-34 1

-)

0.71

Continuous probability dist. ributions are used to measure tile prob-

ability of events having a time characteristic such as the event "tl,e

Lime- t.o- fai lure exceeds '1" ¢,r _,vt,nt s I il,_' " the ¢_utpttt of this rect. i fi er

is within certain liniiLs."

-n$1-



A continuous probability distribution of particular importance in

reliability calculations is the exponential distribution of time-to-

failure. If reliability B is defined as the probability that a device

will operate for a period of time equal to or greater than T, then by

the exponential distribution

'® 1 - r/0 - r/0B = _- • e = e
T

and since 7" is known, P is a function of _.

If O) the mean time-to-failure of a device, is equal to I0 hours then

the probability that a device will o-erate for 3 hours or more would be

P = e -r/e = 2.718 -3/1° = 0.74

Table XIV-3-I lists P for several values of T and _.

_lany output characteristics exhibit a normal (Gaussian) probability

distribution. In fact when non-normality is observed, it often indicates

that something is wrong. In order to compute the reliability of an

item R when the value of the performance factor has a continuous probability

distribution, it is necessar'¢ to integrate over a range of values consti-

tuting successful performance. "lifenormal distribution is defined as

z2

11 1= .% 2-_ ' exp - - - dx
X1 2S 2

P,. is a function of X 1, X 2, M and S. Since X 1 and X 2 are usually given

but M and S (the populations mean and standard deviation) are usually

not known, it is first necessary to estimate these parameters and then

solve for P.

To obtain estimates of the means and standard deviatious of proba-

bility distributio,s, the method of maximum likelihood is usually used.

it is easy to apply, _ields the best estimates according to widely used

criteria, and has the pr,perty that as the size _f the sample grows larger,

the distribution (_t' the ¢_.stil,lates al,l,roa¢'hes the normal dist. ribution re-

t;ardless of the probabilit_ distribution originally considered. This

-n_ Z--
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fact makes it posaiLle to state confidence limits for the estimated

probability distribution parameters. Althoush widely used in reliability

work, a discuaaioa of coafidence limits is beyond the scope of this

discussion and tile reader is referred to any of the several referenced

statistical texts.
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XIV-4 RELIABILITY SAMPLING

/

I_e|iability sampling refers to sampling plan techniques used in

order to determine if reliability requirements are met. In general,

these techniques involve random sampling from populations with only

success or failure attributes or from continuous populations such as

time-to-failure distributions. In either case the problem is to

estimate a function of tile parameters of tile population which can I,e

defined as the reliability IF of tl, e system.

A binomial sampling plan consists of testing a group of ite_rs one

by one and recording either a success or a failure on each trial. TiLe

result of each trial is independent of the result of any other trial

and the objective nf the testing is to determine if the item is sufficiently

reliable for its intended purp_se.

It is, of conrse, first necessary to specify the maximu._ value of

unreliability P that will be tolerated. Then if ti_e devices u.r=liability

P' is less than ttLis value, it is accepted as meeting tile reliability

standard, and conversely, if greater, the device is rejected as not meeting

the reliability standard. Since no sampling plan is 100 percent efficient,

any plan can at times result in rejectint_, a device because the esti,,mted

value of P'exceeds the value of P when in act.ality the true value of

the populations unreliability P' is less titan I'. Altern_tely a sampling

plan due to these sampliag errors in esli,.atinl: P' can levi,! to the

acceptance of the item _hen it would he rejected if the true value of

P' were known.

Instead of estimating ,_ single value of !", the ,isu;_] procedure is

to determine two values A an,t /" such that there is giver1 1, rob.l,ilit_

a that tile true value of P' lies outside the interval A and h. The

probal,ilitv that the interval A and licontains the tr.e value of P' is

then, of course, ! - ¢_. The values A and t; are called the 100 (l -,L)

percent confidence limits for the parameter I )' and the interval between

them a 100 (1 - e¢) confidence int.erval.

The specification of I L ,in,I ,_ eflal, les one to det,*rmine the ,_.Lxi.,um

number of failures permissible (1") in ._ trials in order to reach an

-_#[-
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acceptance decision. For any explanation of tile theory of and the

techniques used for determining these values, see J_ef. 3, Ch. 10 and

_ef. 5, p. 140ff. For use in reliability work, extensive tables and

sraphs have been constructed relating the reliability specifications

P, a, /_, and F.

_Vald sequential sampling plans 12 are based on the fact that the

acceptance a,d rejection boundaries in a failures versus life (ti,ne)

plane can be approximated by two parallel straight lines. The lines

are functions of the reliability specifications only and are plotted in

a failure-life graph before testing starts. Testing then continues

until a plot of the observed life versus failures first crosses or

touches one of the boundaries at which time the appropriate decision

is made.

)



XIV-5 DESIGN OF EXPERIMENTS

In testing components or systems, the objective is to subject them

to conditions such that the real characteristics of the items tested

can be observed.

Time or life testing is important for considerations other than

estimating and demonstratinF n'tr_lcilcal reliability. I,_:hich part in a

component or which component in the system failed and the types of and

the reasons for the failures must be specified and analyzed. Time-to-

failure testing by generating failures helps to answer these questions

when time is the critical parameter of the item.

In event testing, samples are cycled repeatedly until failure; it

is used when starting and stopping operations are more destructive than

the accumulation of time. In this type of testing, the mean cycles to

failure becomes the principal parameter.

Environmental testing is undertaken to deten_ine the reactions of

the item tested to ambient conditions resembling as closely as possible

the environment in which the item is expected to operate.

The design and analysis of experiments, statistical experimentation,

differs from the traditional method in that more than one factor at a

time is allowed to vary. Varying only one factor at a time is not

only ineffJc_er_t but can produce wrong results as well as obscuring

factor interaction. The f_,ldamer, tat basis of statistical experimentation

is to apply the factor_ in such a manner that their effects can be

factored out and the var'_ations caused l,y the factors on performance

can be measured and compared. 'l'hts type of test is called a factorial

experiment.

Assume a rocket, engine is to bc tested to determine the chamber

pressure under three enviroJlmental conditions (factors) and at two

levels for each condition. This represents a factorial design involving

a total of 8 treatm,_nt cr, ml,il, at ions (an rx|.rrtment involving K factors

at X levels and XI(c,l,_t:inations). The data fro,,i such a test could l,c

shown in the following way.

C15_-
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Envi ronment "-)

Environment

A. Temp.

B. Vibration

C. Ilumidity

Pressure

1eve|

c I

a 1

bI

c 2

b2

Cl c 2

b 1

c I

a2

c 2 c 1

18.3 I 8.1

b2

c 2

16.0

An estimate of the total effect of factor A upon tile pressure is given

by the sum of all pressures observed at level a 2 minus the sum of those

at level a 1 .

A = (9.9 + 18.3 + 8.1 + 16.0) - (11.8 + 20.9 + 8.5 + 16.2) ffi -5.1

and /5 = (8.5 + 16.2 + 8.1 + 16.0) - (11.8 + 20.9 + 9.9 + 18.3) = -12.1

C. = (20.9 + 16.2 + 18.3 + 16.0) - (11.8 + 8.5 + q.9 + 8.1) ffi 33.1

The interaction effect of A and E is the difference between the effect

of A at tile upper level of b and the effect of A at the lower level of /5.

Aft = [(16.0- 16.2) + (8.1 -8.5)]

)

- [(18.3 - 20.9) + 9.9 - 11.8)] = 3.9

and AC = [(16.0 - 16.2) + (18.3 + 20.9)]

- [(8.1 -8.5) + (9.9- 11.8)] = -0.5

BC = [(lfi. O - 18.3) + (16.2 - 20.9)]

- [(8.I - Q.9) + (8.5 - 11.8)] -- -1.9

The .4ti interaction for tl,e two levels o1' C are

[(16.0 - 16.2) - (18.3 - 20.9)] and [(8.1 - ,_.5) - (0.q - !1.8)]



and the difference between these two expressions represents the effects

of C upon the AB interaction; i.e.,

ABC = (2.4) - (1.5) = 0.9

These factor effects are summarized in the table below:

FACTOB EFFECT ( Ef fect ) 2/8*

A

C

AB

AC

BC

AI_C

-5.1

-21.1

33,1

3.9

-0.5

-1.9

0.9

3.251

18.301

136.951

1.901

0.031

0.451

O. lO1

Thia column represents the contri-

bution to the sum of the squares of

each chamber pressure observation that

is made by each factor. To obtain this,

the effect is squared and then divided

by 8 (the tots| number of combinations;
i.e., 23).

In order to determine tile significance of the factors upon perfor-

mance a formal analysis of variance shows that factors _ and C are

significant at the 99 percent level. That is, the odds are 99 to 1

that the improved performance due to a decrease in vibration and an

increase in humidity is not due to chance alone. For an explanation

of analysis of variance theory and techniques, see '/ettnett and Franklin

(ilef. 2, Ch. 7, pp. 319-477).



c?
XIV-6 TOLERANCE LIMITS

Whenever parameters, such as permeability rates, are experimentally

determined, it is preferal, le for design and reliability evaluation to

specify tolerance limits suc}, that a certain percentage of [uture measure-

ments may l,e expected to fall between the limits. Experience has shown

that the majority nf experimental data are approximately normally distri-

buted; moreover, moderate dcpartures from nnrmality do not seriously affect

the tolerance limits computed on the basis of normal distrib.tion.

Assuming normality, if the true mean and standard deviation _f the

population were ktmwn, tolerance limits would he formed by adding to and

subtracting; fro,., the mean a certain multiple K of the standard de-

viation. ["or example, if tile mean t_ and standard deviati,_n of the

population c_ are known, then the limits ,': ÷ 1.6L_6,_ will include

90 l)ercent of the ,!istril,ntion ot the .,e_n. ilowever, the same assertion

cannot be made about the limits ?_ " 1.6-I5() F wi,ere ._-= is the mean and "

is the Standard deviati(,t, ,,[ a sample of _' observati,)as, in fact, if h

..... i frum a pop,,iauion will yield identicalis fixed, no tw._ sa,,,t,_cs giv_:n

tolerance !i..!its :as ];oth the sam!,le ,hearts and staadard deviations will

vary from sample to s;,:nple. Theretore, the proportion of the lmpulation

that is included between tl:e limits X ± K • ,q is a random variahle and

it is impossible to determine ,.o that the limits will al,'ays contain a

specific proportion of clte population. It is. however, possible to

determine K so that. a certain proportion ), (called t!te coufidence co-

efficient) of the tnlera.ce limits ._. i K • .¢ will contui, a fixed per-

centage of the population P.

Table XIV-6-1 prese, ts valut.._ of h ussociated with a specific,l

coefficient ")', saml, le size ,_. and p,,pul_,ti,_n i,ror, nrtio,i P assuming a

normal distrlb_,tio_l. Confident,, li:,it.s ? = 0.9.5 or 0.90 are most

frequently us(.d in pract i('c.

It is occasi,nally al,pr,_priate t- Sl,eci fy a silt::le t.,,lerancc limit

K " S such that it fixed |:roportion -f tile i,c,l,ul.lti,)n li_.s al,,,_t" t is

limit, nr a limit ._ _ K " .%' such that a fixed pr,p.rti-n lies below the:

limit.. These sin,,le [imit._ arc ,:ailed ,n,_-sided tol¢.rltuc,: limits. ['_ee

Bnwker and I,iel,erl,_an (l;_,f. 3, I" 21_0-11 I',r it talkie. ,f h valu,.s to ,t:_,"

in ct_mp,lti, F on¢.-.sided t,lcran_'c l i,nit.s.]

"-3q O-

OF POOR QUALITY



Table XlV-6-1

TOLERANCE FACTORS FOR NORMAL DISTRIBUTIONS °

F'.ctors K such thlt the probsbility Ls th.L st l¢llt the _roportion P Of the d*etributiofl liee between
T

the intervel X ± Ks, where X end • ere the aesn end standard devistlon computed from s samp|e of elzeN

38

4O

45

5O

U. 75

3 1 I .-107

3 .I, i 3Z

4 2.032

• 2. 15.1

I; 2.19_

7 2.03.1

0 1.921

9 1.839

10 1.77._

11 1.724

12 1 .••3

13 1.610

14 1 .•19

15 ! .•94

I• I .572

17 I .$52

18 1.535

19 1.520

20 1.506

21 ! 1.493

22 I 1.482

23 I ! .471

25 1.453

28 1.430

30 1.417

32 1 .,105

"i4 1. 395

3• 1.38•

1.377

1.370

1.354

1.340

0.90

15.97#

5 .tilt

4. 161i

J. 19"I

"I 131

2.902

2.743

2.626

2 .$35

2.463

2,40.1

2.355

5.314

2.278

2.246

2,219

2.194

2,172

2.152

2.135

2.118

2. ! 03

2.089

2 _ 077

2.044

2.025 [
2.009

I .99.1

1.981

1.969

1.959

1.935

1.916

11 :)5

I k. t,lit)

0,919

4.94"1

I. 152

:l. 72:1

3..152

3.26 1

3.125

3.01#

2.93:1

2,96J

2. 805

2. 756

2.713

2.676

2 .•13

2.614

2.58#

2.564

2.5.1:1

2,524

t..189

1.474

2,435

2..113

2 •393

2.376

2.361

2.3.16

2.334

2.306

2.28,1

0.9.q

21.Ib7

• 971

6. 110

%..123

I. _7ll

4.52I

4.27_

4.0'J#

:I. 959

3. N19

3.758

3.0 it'-'

3.610

3,562

3.51 1

3.471

3.433

3,399

3. 308

3340

3,315

:1 292

3.27c_

3.25J

3./99

3.170

3.1.15

3.122

3.102

3.083

3. 066

3. 030

3.001

0.75

22. tt.-t 14

5.9'72

:1,779

3. 002

2.61;.I

2.361

3.197

2 .U7fl

1.987

1.916

1. ase

1.010

1.770

1. 735

1. 705

1.679

1.65b

1.635

1.616

I. S.q9

i .5_4

1.570

1.557

1.515

1.514

1.497

1.4•1

1.408

1.455

1.4'16

1.435

1,414

1. 396

0, !IU

3= .019

9, Jail

5.269

1.27b

3.71"*

3. 369

3.1.16

2.907

2 1139

2.737

2.655

3.587

2.529

2. 480

2..137

2. 400

2.366

2.337

2.310

2.2 tl,_

2,264

2,2,1 I

2.2.*_

2.2OS

2.164

2.140

2.118

2. 099

2.0_1

2 .O68

2,052

2.021

] .996

O. !).%

37¸071

._.'Jlb

6. :170

• .U79

,l. 114

-I.007

:l.732

3.532

3.379

3.259

3. lb2

3.081

3.012

2.95.1

2. 903

2.858

3._19

2. 784

2.152

2.723

2.697

2.673

2.651

2.631

2. 579

2.519

2.524

2.50 I

2,479

2.464

2.445

2.408

2.379

U. :19

i in. I_u
i.*. its;l

aJ .29_

i I_ .634
5.77b

I 5.2 I)J

i 1.tml
4.621

•I..133

4.277

.I. 1511

4. U'I I

3.955

3. 070

3.t112

3. 754

i 3. 702
I

! 3.656

i 3 .G15

! 3.577

3.5433,512

i 3.41J3

3.457

3 1 8_8

3. 350

3.310

3.28•

3.258

3.237

3.213

3,165

3.120

075

li I. :JuJ

1:1.3?9

0.614

I.til3

3 7-1 .I

"t. 2:13
2.905

2.6";'7

2,50_

2.37_

2,274

2.190

2.120

2.060

2. O'r}9

1 . 965

1.926

1.091

I. 860

1.8:13

1. OOB

1. 785

1.764

1.745

1,695

1.688

! .644

1 .•23

1 .•04

i .587

1.571

] .539

1.512

O.uo 0._-,

IOU. I"J lttlJ. 191

|9.t,30 "-'3 .-I01

9.39h I I. 150

6.612 7,155

5.337 6.345

i .I. _13 J 5.4lib

4.1.1 ? 4 936

3. ""2 4. 550

J.StS2 l 4.2_5

J 3,397 4.045

3,250 3. •70

3,130 3.727

3. 029 3. nO•

2. 945 3. 507

q 2.972 3. I21

I 2 80Ji 3.3459

2.7_3 3.279

2.703 3.221

2. 659 3.168

2.620 3.12A

i 2 .5_i4 j 3.0762,551 3 040

2.522 i 3.0O42.494 2.972

l 2.424 2.880
I

• 3US 2.041

.351 2.801

• 320 2.70.1

.293 2. 732

.269 2.103

.247 2,077

.200 3.621

.I•2 2.57•

O. 99

242. 300

29.055

11.527

10,260

• 301

?. 1117

I. 168

5.060

5.594

5.308

5.070

4. 893

4 .T37

4. •05

4. ;02

4.393

4.30?

4.230

4.161

4.100

4.044

3.993

3•947

3. 904

3. 794

3.733

3.080

3.432

3. 590

3.552

3.618

3.444

3. 385

* K values taken from Elaenhart, Hsatay, and Welles, "*Techniques of Statistical tnmlynl.,'"

Ik'Grae-JlIll Rook Co., Inc. 1947.

\,
\
\
\
\

- ql-

OF pOOR QUAL. TY


